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EDITORIAL 


Lumping and splitting 


ext month, the National Postdoctoral Association 
will convene its annual meeting in Cleveland, 
Ohio, where, among many topics, the matter of 
how data can inform policies to improve post- 
Ph.D. career pathways will be discussed. Many 
such data are indeed “out there,” but a major 
question is whether they are accessible and us- 
able—which brings me to the value of taxonomies. 
In 1758, Carl Linnaeus provided a systematic frame- 


metabolomic—which may be combined with other data, 
such as sensitivity to therapeutic agents, to enhance the 
richness and value of such taxonomies. 

During my time as a director at the U.S. National In- 
stitutes of Health, I sought to answer a seemingly sim- 
ple question regarding a pool of individuals who had 
recently received their first major grant funding: How 
many postdoctoral fellowships did these early-career 
scientists complete? Examining individual biographical 
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work for the classification of animals and plants based | sketches, I found that the job titles for many scientists Secure lalla 
; : : s jberg @aaas.org 
on detailed visual observa- changed multiple times dur- 
tions of many organisms. This ing the period between com- 
taxonomy captured important pletion of his/her doctorate 
relationships between differ- training and initiation of his/ 
ent groups of organisms and her independent position. A 
provided a systematic method 2014 analysis* by the National 
for naming organisms, includ- Postdoctoral Association re- 
ing those yet to be discovered. vealed that 37 different job 
Moreover, the taxonomy was titles had been used to de- 
refined over time as more in- scribe positions that appear, 
formation became available. to a reasonable observer, to 
The organization of infor- be postdoctoral fellowships. 
mation in this way has turned The excessive splitting here 
out to be enormously useful sometimes is related to dif- 
in data analysis across many ferences in sources of funding 
different enterprises. Taxono- or other factors but, in many 
mies allow classification of cases, is simply due to lack 
items based on their charac- of an agreed taxonomy. This 
teristics so that closely related “ ‘ . has inhibited many analyses 
items are grouped together Creating useful taxonomies of this important component 
and given the same name. . . ” of many scientific training 
They are hierarchical so that requires careful analy. SIS... paths. The development of a 
items that share many but proposed taxonomy for ca- 
not all characteristics are associated. For characteristics reer paths for those with Ph.D. degrees in biomedical 
that vary continuously rather than in a discrete fashion, | sciences (see peerj.com/preprints/3370/) represents 
taxonomies can include cut-off points to allow binning of | an important step in facilitating the compilation of ca- 
items for subsequent analysis. A key factor in developing | reer outcomes data in a manner suitable for detailed 
taxonomies involves the preference for “lumping” versus analysis, particularly when coupled with recent commit- 
“splitting,” terms that evolved early in discussions of bio- ments for transparency from leading institutions (see 
logical taxonomies. Lumpers prefer broader categories science.sciencemag.org/content/358/6369/1388.full). This 
that include items that share important features despite | taxonomy includes classification by sector, career type, 
some differences; splitters prefer narrower categories, and job function and can help illustrate the many post- 
emphasizing variations rather than common features. Ph.D. career alternatives and the frequencies of their use. 
What happens when there is too much lumping or too Creating useful taxonomies requires careful analysis 
much splitting? Consider the classification of cancer cells. about underlying data and the intended uses, as well as 
Too much lumping, such as defining cancer cells only by | engagement with the communities that may be affected 
their tissue of origin, will obscure biologically and clini- | by their use. The development of detailed taxonomies for 
cally important differences, whereas too much splitting | post-Ph.D. career alternatives and commitments to col- 
will yield too many categories with insufficient informa- | lect and share the underlying data lays the foundation for 
tion available about any given one. We are rapidly accu- | much important analysis in the near future. 
mulating data about cancer cells—genomic, proteomic, -Jeremy Berg 
*http://c._ymcdn.com/sites/www.nationalpostdoc.org/resource/resmgr/docs/npa_policyreport2014 _final.pdf 10.1126/science.aat5956 
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464 My job there wasn't to raise money. It was to educate. 99 


Epidemiologist Kenneth Mukamal, responding to a 17 March story in The New York 
Times that suggested he and the U.S. National Institutes of Health lobbied the 
alcohol industry to fund a study of the benefits of moderate alcohol consumption. 
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CLIMATE SCIENCE 


A warming trend brought i ice ‘to Canada 


The melting of ice dams allowed sea ice from the Arctic Ocean to float south. 


t might be counterintuitive, but a warming planet means more 

Arctic sea ice is showing up in busy North Atlantic shipping lanes. 

Typically, winter temperatures cause dams called ice arches to form 

across channels joining the Arctic and North Atlantic oceans, pre- 

venting ice from drifting south. But last year, the arches failed to 

form for the second time in a decade, data collected by a Canadian 
icebreaker revealed. Chunks of ice up to 8 meters thick surged south, 
clogging shipping lanes off the province of Newfoundland and Labrador 
in Canada well into June 2017, researchers reported in the 15 March is- 
sue of Geophysical Research Letters. Some vessels became trapped, oth- 
ers sank after their hulls were punctured, and ferries and fishing were 
delayed. “This is something we need to better prepare for in the future,” 
said climate scientist David Barber of the University of Manitoba in 
Winnipeg, Canada, who is a lead author of the study. “We expect this 
phenomenon to go on for at least a couple more decades as we transi- 
tion to an ice-free Arctic in the summer.” 
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Fatality halts AV research 


TRANSPORTATION | Both supporters and 
critics of autonomous vehicles (AVs) knew 
that the first pedestrian fatality tied to this 
technology would generate headlines and 
on 18 March, the inevitable happened: An 
Uber Volvo hit and fatally injured a woman 
walking her bicycle across a busy, multi- 
lane road in Tempe, Arizona. A person was 
sitting behind the AV’s steering wheel, but 
the car was said to be in self-driving mode. 
Uber immediately suspended its AV testing 
program in three states and Canada, and 
the U.S. government has begun an investi- 
gation. Opponents of a pending Senate bill 
allowing greater freedom for states to set 
rules governing AVs say the accident dem- 
onstrates the need for greater caution, while 
advocates say that testing under controlled 
conditions will improve a technology that 
they maintain is already safer than the use 
of human drivers. 


More kids sketch female scientists 


SCIENCE CAREERS | When asked to draw a 
scientist, school-age children in the United 
States are increasingly sketching women, 
researchers report in Child Development. 
They studied 20,860 pictures drawn by 
students aged 5 to 18 over 5 decades. In the 
1960s and 1970s, less than 1% of students 
depicted scientists as female, but that 

rose to an estimated 34% by 2016. Among 
only girls, the figure grew from about 1% 
to more than 50%. The trends parallel 

an uptick in the number of actual female 


+) 


A third grade girl in Texas drew this scientist. 
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scientists. From 1960 to 2013, the per- 
centage of biological scientists who were 
women rose from 28% to 49%, for example. 


IPCC forms gender task force 


CLIMATE SCIENCE | The Intergovernmental 
Panel on Climate Change (IPCC) last week 
established a task force to consider ways to 
improve gender equity within the orga- 
nization, such as recruiting more female 
scientists to serve as authors of its authori- 
tative reports on climate science. The move 
comes on the heels of a recent study evalu- 
ating gender disparity within the group. It 
found that although IPCC has increased the 
proportion of women who serve as report 
authors—to 23% in 2013, as IPCC worked on 
its fifth report, up from just 2% on its first 
report, in 1990—barriers to participation 
remain. At a meeting in Paris, IPCC decided 
that one of the task force’s two co-chairs 
should be female; they and the rest of the 
committee’s members have yet to be named. 
The gender panel is expected to issue a 
report at an IPCC meeting next year. 


Fungus threatens NASA samples 


SPACE EXPLORATION | An abundance of 
fungus has been found growing in what is 
supposed to be a clean laboratory at the 
Johnson Space Center (JSC) in Houston, 
Texas, that stores NASA’ only collection 

of extraterrestrial meteorites. The discov- 
ery of the fungi, mostly of the common 
genus Penicilium, raises questions about 
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MARINE BIOLOGY 


The anglerfish’s deep-sea 
light show is revealed 


eep-sea explorers diving off Portugal’s Azores islands 
have captured rare images in the wild of a female 
deep-sea anglerfish. Like most other members of its 
order, the species, Caulophryne jordani, is known for 
the bioluminescent, lurelike appendage that drifts 
in front of its mouth to attract prey. In addition, as this 
photo shows, these female anglerfish are resplendent with 
apparently bioluminescent, elongated filaments projecting 
from their fist-size bodies. The photo and an accompany- 
ing video are the first to show a small male of this species 
fused to a female's underside, essentially acting as a 
permanent sperm provider. Most of what scientists know 
of deep-sea anglerfish comes from dead animals pulled 
up by trawls, which have lost their bioluminescence. The 
images were captured at a depth of 800 meters by wildlife 
filmmakers Kirsten and Joachim Jakobsen using the 
Rebikoff-Niggeler Foundation’s manned LULA1000 sub- 
mersible. To see the video, visit http://scim.ag/anglerfish. 


the accuracy of analyses conducted there. 
Aaron Regberg, a geomicrobiologist at JSC, 
reported the surprising finding this week 
at the 2018 Lunar and Planetary Science 
Conference in The Woodlands, Texas. 

It’s worrying, he said, because some fungal 
species produce rare amino acids that, 
when found in meteorite samples, are 
usually considered to be extraterrestrial in 
origin. Regberg says knowing background 
sources of potential contaminants such 

as fungi will be important when JSC uses 
clean rooms in the coming years to analyze 
rocks returned by future missions to Mars 
or other destinations. 


Using DNA to track snakes 


CONSERVATION | Florida researchers 

for the first time used DNA traces left by 
snakes in soil to detect them on land. 
Scientists studied the environmental DNA 
(eDNA) in cells shed by Burmese pythons, 
an invasive species that has wreaked 
havoc in southern Florida. The research- 
ers, from Florida Gulf Coast University 

in Fort Myers, reported this month in 
Herpetologica that they monitored burrows 
with cameras and found DNA in those that 
snakes had recently vacated. Tests sug- 
gested that eDNA can identify the reptiles’ 
presence for up to a week afterward. The 
new technique could help conservationists 
and land managers protect Florida’s native 
animals by revealing where the pythons 
are hiding and which way they 

are spreading. 
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Crowd funds younger scientists 


RESEARCH FUNDING | Crowdsourced 
funding campaigns are helping some 
scientists, especially students and women, 
raise small amounts of seed money to 
jump-start research projects, a study has 
found. Students landed the majority of 
funds raised on Experiment.com, the larg- 
est online platform that coordinates such 
donations, and women had higher success 
rates than men. Experiment.com allows 
each project leader to propose a target 
dollar amount, but a project receives funds 
only if the target is met. Scholars affiliated 
with the National Bureau of Economic 
Research in Cambridge, Massachusetts, 
examined more than 700 such campaigns. 
The median amount raised was $3100, and 
the money typically went to equipment 
and travel. Donors may have been motivated 
by a desire to help younger applicants 

who were seeking amounts too small to be 
funded by traditional grant programs or 
were not experienced enough to compete 
successfully for those, the authors wrote. 


South Sudan stops Guinea worm 


PUBLIC HEALTH | South Sudan, which 
long had the highest prevalence of 
Guinea worm infections in the world, 
has eliminated the disease despite the 
civil war that is ravaging the country. At 

a 21 March press conference in Atlanta— 
after Science went to press—South 
Sudan Health Minister Riek Gai Kok was 
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NEWS IN BRIEF 


Brazilian astronomy ‘strangled’ 


A plan for Brazil to join the 15-nation 
European Southern Observatory (ESO) 
astronomical research consortium was 
canceled last week. Brazil's president, 
Michel Temer, never ratified the arrange- 
ment, nor did the country make any 
payments to the consortium, which 
some critics said the country could not 
afford during its current fiscal crisis. 
ESO had been treating Brazil as an 
interim member. 

Reinaldo de Carvalho, president of 
the Brazilian Astronomical Society 
in Sao Paulo and an astronomer at the 
Brazilian National Institute for Space 
Research in Sao José dos Campos, dis- 
cussed the breakup with Science. This 
interview has been edited for brevity 
and clarity. (For more, see 
http://scim.ag/Brazilastron.) 


Q: What was missing for Brazil to ratify 
the agreement? 

A: The financial crisis was clearly a 
problem, in addition to a lack of political 
will. This goes to show, once again, 

the need for a long-term state policy on 
science and technology, instead of 

just government policies that change 

all the time. 


Q: How will this departure from ESO 
impact the development of Brazilian 
astronomy? 

A: We will be strangled, limited by 

our current facilities, and will have a 
very difficult time competing in the “first 
world” of astronomy. ESO represents 
the only path for a sustainable, signifi- 
cant growth of Brazilian astronomy. ... It 
will be very difficult for us to be principal 
investigators when requesting observ- 
ing time in the telescopes. We will have 
to tag along with our European partners 
for that, like we used to do before the 
agreement was signed, 7 years ago. It’s 
like going back in time. 


Q: Brazil is a member in other ob- 
servatories, such as the Gemini and 
Southern Astrophysical Research 
(SOAR) telescopes. To what degree do 
they compensate for the loss of Brazil’s 
participation in ESO? 

A: It’s something, but very far from 
fulfilling the needs of our research 
community. We have much more human 
resources than Gemini and SOAR are 
able to accommodate, and small partici- 
pations in a few telescopes will not put 
us in the frontier of science. 
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Awearable scanner makes brain studies easier 


agnetoencephalography (MEG), which detects the weak magnetic fields emit- 

ted by communicating neurons, is a powerful tool for capturing brain activity in 

real time, but it comes with a huge caveat: Participants must keep their heads 

absolutely still inside a large, bulky scanner to get accurate readings. Now, a 

U.K. research team has developed the first wearable MEG device, replacing the 
liquid-helium cooled superconductors normally used to detect magnetic fields with 
small glass cubes containing vaporized rubidium atoms whose reaction to magnetic 
fields is monitored by a laser. It returns a map of brain activity just like conventional 
MEG technology, and because the magnetic sensors move with the masklike instru- 
ment, a wearer's brain signals are recorded clearly even when they are in motion, the 
group reports this week in Nature. “This is remarkable work,” says MEG researcher 
Matti Hamalainen of Massachusetts General Hospital in Boston. “It really indicates 
that MEG is moving forward conceptually into a new era.” 


scheduled to announce that health workers 
have detected no new cases in the country 
during the past 15 months. Guinea worm 
disease, also known as dracunculiasis, 

is caused by a roundworm that develops 
inside the human body and emerges from 
the skin causing an intense burning sensa- 
tion. It affected millions in Africa and 
Asia 3 decades ago, but an eradication 
campaign is now very close to finishing: 
Only 30 cases were reported from Chad 
and Ethiopia in 2017. 


Science draws Facebook posts 


SOCIAL MEDIA | Posts about science on 
Facebook have drawn millions of follow- 
ers, but less than a third of these items 
offer news about new scientific discoveries, 


Published by AAAS 


according to an analysis of the social media 
platform released this week by the Pew 
Research Center in Washington, D.C. The 
next most common categories were “news 
you can use” (21% of posts) and promo- 
tions (16%). Pew studied more than 6000 
posts by 30 of Facebook’s most popular 
science-related pages during the first half 
of 2017. Most of the 30 focused on only one 
or two topics, such as health and medicine 
or astronomy and physics. Pew also found 
that the volume of posts about science on 
15 “multiplatform” pages—maintained by 
organizations such as National Geographic 
and Science that publish magazines—more 
than doubled from 2014 to 2017. 


Read more news from Science online. 
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CHEMICAL WEAPONS 


U.K. attack puts nerve agent in the spotlight 


Researchers race to understand deadly compound developed by Soviet scientists 


By Richard Stone 


ne of the world’s deadliest poisons 

has emerged from the shadows after 

the audacious attempt earlier this 

month to murder a former Russian 

spy on U.K. soil. Scientists are racing 

to unravel why the mysterious nerve 
agent, concocted by Soviet chemists in the 
1970s, is so potent. They fear its chemical 
structure will make finding an antidote 
unusually difficult, and that the compound 
could cause long-lasting health effects in 
those who survive exposure. 

The drama began on 4 March, when 
Sergei Skripal and his daughter Yulia were 
discovered gravely ill on a park bench in 
Salisbury, U.K. In 2006, a Russian military 
tribunal had convicted Skripal, a former 
colonel in Russia’s foreign intelligence ser- 
vice, of treason. He settled in Salisbury after 
a spy swap in 2010. 

U.K. investigators say they recovered 
residue of a nerve agent on clothing and 
belongings in Skripal’s home and at a 
pizzeria in which he and Yulia dined just 
before taking ill. U.K. officials accused 
Russia of perpetrating the crime, spark- 
ing a diplomatic row in which the United 
Kingdom expelled 23 Russian diplomats, 
drawing a reciprocal response from Russia. 
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Meanwhile, as Science went to press, the 
Skripals remained in critical condition, 
and a responding police officer who was 
exposed was in serious condition. 

The poison, U.K. investigators have re- 
vealed, is one of the Novichok, or “new- 
comer,” class of nerve agents the Soviet 
Union began developing nearly 50 years 
ago. In 1992, a former Soviet military 


“Tt would be extremely 
dangerous to try to make 
these compounds. You could 
easily get yourself killed.” 


Mohamed Abou-Donia, Duke University 


chemist, Vil Mirzayanov, blew the lid off 
the clandestine program, claiming that 
the hitherto-unknown chemicals are sev- 
eral times more toxic than VX—until then, 
the deadliest known nerve agent. Even for 
an experienced chemist, “it would be ex- 
tremely dangerous to try to make these 
compounds. You could easily get your- 
self killed,” says Mohamed Abou-Donia, a 
neurobiologist at Duke University in Dur- 
ham, North Carolina. 
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The assassination attempt has thrust the 
Novichok agents back into the spotlight, but 
few experts in the rarefied area of chemi- 
cal weapons defense are willing—or able— 
to shed further light on them. Information 
about the Novichok nerve agents is classi- 
fied, says one U.S. military scientist who, 
like other U.S. government scientists, de- 
clined to speak with Science. 

Mirzayanov’s 2008 memoir, State Se- 
crets: An Insider’s Chronicle of the Russian 
Chemical Weapons Program, still gives the 
fullest picture of the Novichok agents. He 
writes that the compounds—perhaps five in 
all, in the family of phosphoramidates, he 
told Science in an interview last week—are 
similar in structure to other nerve agents 
such as sarin, soman, and tabun. Like their 
cousins, they bind to acetylcholinesterase 
(AChE), an enzyme that dismantles the 
neurotransmitter acetylcholine when it 
is released into synapses. Without medi- 
cal intervention, acetylcholine builds up 
in synapses, eroding muscle function and 
preventing signals from the brain from 
reaching the muscles that control respira- 
tion and maintain blood pressure (Science, 
5 January, p. 23). 

Using data in the open literature, Zoran 
Radi¢, a chemist at the University of Cali- 
fornia, San Diego (UCSD), in recent days 
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Investigators, cloaked in protective suits, gathered 
evidence in the suspected assassination attempt. 


has explored how a Novichok named A-232, 
which is similar in structure to tabun and 
soman, forms a conjugate with AChE. (Some 
news reports have speculated that A-232 
was used in the Skripal attack.) His mod- 
eling found that A-232 would nestle snugly 
in AChE’s active center, a narrow gorge in 
the enzyme (see image, below). Like other 
nerve agents, it would form a stable cova- 
lent bond with a serine group in the cleft. 
All of the Novichok compounds would likely 
bind to AChE “in a very similar way,’ based 
on structural information in Mirzayanov’s 
book, Radié says. 

But, he notes, the compound has a struc- 
tural feature that traditional nerve agents 
lack: an amine group studded with an 
extra proton. That’s bad news in two re- 
spects. For one, it could make it harder to 
identify the right antidote. All nerve agent 
victims are given atropine, which blocks 
muscarinic acetylcholine receptors. They 
are also given an oxime, a compound that 
can pry an agent out of AChE’s active cen- 
ter before the agent has “aged,” or bound 
irreversibly to the enzyme. An oxime’s ef- 
fectiveness depends on a nerve agent’s 
structure and how it sits in the gorge. The 
exact configuration of the bond between 


New modeling studies of the nerve agent A-232 
(balls and sticks) depict its descent from 
acetylcholinesterase’s gorge opening (left) to 

a tight fit in the enzyme’s deep active center (right). 


A-232 and AChE might “compromise” ox- 
imes now approved for use in Europe and 
the United States, Radié says. Experimental 
oximes might be more effective, he says. 
The second concern, Radié says, is that 
A-232’s alkyl amine group could enable 
it to target other enzymes in addition to 
AChE—and that raises the specter of se- 
vere symptoms arising months or years 
after exposure. Even sarin and some or- 
ganophosphate pesticides that lack A-232’s 
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structural quirk can trigger a lasting 
neurotoxic syndrome with symptoms such 
as nightmares, memory deficits, muscle 
weakness, and depression. 

An observation in Mirzayanov’s memoir 
supports the possibility of lasting effects. 
He worked for 26 years in the Soviet Union’s 
premier chemical weapons lab, the State 
Scientific Research Institute for Organic 
Chemistry and Technology in Moscow. One 
day, he recounts, a rubber tube that piped 
A-232 into a spectrometer ruptured, expos- 
ing his colleague, Andrei Zheleznyakov, to 
minute amounts. Zheleznyakov felt dizzy 
and his vision blurred, and he collapsed 
on the way home that day—but survived. 
Months later, Mirzayanov says, Zheleznyakov 
developed difficulties concentrating and be- 
came withdrawn. 

The amine group could also explain an 
intriguing detail about the Novichok com- 
pounds, says UCSD pharmacologist Palmer 
Taylor. Whereas other nerve agents are man- 
ufactured as liquids and dispersed as aero- 
sols or vapors, these compounds are thought 
to form a fine powder, a picture supported 
by reports of a powdery residue on personal 
belongings of Skripal and his daughter. 

For terrorists, sarin would be the nerve 
agent of choice to inflict mass casualties 
because of its high volatility and rapid up- 
take in the body. But the Novichok com- 
pounds would be a formidable weapon for 
an assassin. Given their reported toxicity, 
ingesting or inhaling minuscule amounts 
could be fatal. On 18 March, U.K. foreign 
secretary Boris Johnson alleged that Rus- 
sia has stockpiled Novichok agents pre- 
cisely for use in assassinations. 

If that’s true, whoever made the attempt 
on Skripal’s life botched the job. Investiga- 
tors have hypothesized that the nerve agent 
was either introduced into Yulia’s suitcase 
before she boarded a flight from Moscow 
to London on 3 March, or blown into the 
air vents of Skripal’s BMW. Either way, the 
Skripals “were accumulating a very low 
dose,” presumably through the skin, Taylor 
says. “Not much blood is coming from the 
skin back to the heart.” The Skripals and the 
ill police officer may have survived thus far 
because they didn’t inhale or ingest larger 
doses of the agent. 

Taylor says “it would be far too danger- 
ous” for UCSD and other academic labs 
to make Novichok compounds. But they 
could safely study the nerve agent-AChE 
conjugate—if military labs were will- 
ing to share samples. Until that happens, 
any further insights into the Novichok 
compounds are likely to remain a secret 
guarded closely by both the Russian weap- 
oneers and the Western military chemists 
seeking to counter them. & 
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FUNDING 


Accounting 
rules hobble 
Spanish 
institutes 


Staff at centers for solar 
energy research and 
oceanography raise alarm 


By Tania Rabesandratana, in Reus, Spain 


tifling government accounting rules 

are threatening scientific projects 

and jobs at several Spanish research 

bodies. Scientists at both the Span- 

ish Oceanography Institute (IEO), 

headquartered in Madrid, and the 
Solar Platform of Almeria (PSA), a large 
solar research center in the Tabernas Des- 
ert, have expressed concern about what 
they see as senseless red tape that holds 
up spending. 

Some 340 staff at IEO—60% of the to- 
tal—sent a manifesto to the press last week 
to warn that the center is “collapsing.” The 
problems compound the plight of Span- 
ish science, which suffered from budget 
cuts during the country’s recent economic 
woes and faces a proliferating bureaucracy 
aimed at controlling spending. 

IEO’s troubles stem partly from rules 
that apply to five public research bodies, 
known as OPIs in Spanish, with a total of 
1700 researchers. Under accounting regu- 
lations introduced by the current conser- 
vative government in 2014, a team of six 
state auditors must preapprove every pur- 
chase at IEO, which has nine research cen- 
ters across the country and five research 
ships. As a result, projects and recruitment 
have been severely delayed and IEO spent 
only half of its budget last year, down from 
90% in 2013, according to the manifesto. 

Researchers have trouble recruiting 
staff or buying equipment even if they re- 
ceive funding from outside Spain, says 
Manuel Ruiz Villarreal, a physicist at IEO’s 
A Coruna branch and the principal investi- 
gator of four projects funded by the Euro- 
pean Union, including an effort to predict 
the health risks of toxic algal blooms. Ruiz 
Villarreal says the auditing system, known 
as “prior intervention,” should be lifted 
for projects that receive external funding 
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and are already subject to checks after the 
money is spent. 

Other OPIs must adhere to similar rules, 
but the manifesto says the situation is worst 
at IEO, which signatories say reveals a 
“structural problem” in the institute’s man- 
agement. “We’ve been raising the alarm for 
several years,” Ruiz Villarreal says. “As a re- 
searcher, I can’t go to the minister of the 
treasury myself. Our management has to 
tackle this.” 

“Tt’s true we are having difficulties,” ad- 
mits IEO Director Eduardo Balguerias 
Guerra, who says the institute needs time 
to adapt to the rules but denies that its ac- 
tivities are paralyzed. “All the OPIs and the 
secretary of state are working very hard to 
solve these problems,” he says. Until Spain’s 
2018 budgets are approved, additional re- 
strictions will continue to exacerbate the 
difficulties, Balguerias Guerra says. But after 
that, he thinks the situation will improve. 

Carmen Vela, state secretary in charge of 
research, development, and innovation, has 
admitted that IEO had “problems in its day- 
to-day management” and “had a bad [bud- 
get] execution.” Vela told members of the 
Spanish congress’s economy, industry, and 
competitiveness committee on 14 March 
that the institute’s low spending was due 
to a large building project that did not get 
approval last year. She also conceded that 
the “prior intervention” system has created 
difficulties for the OPIs and said she is tak- 
ing steps to minimize damage. But some 
observers say a patchwork of emergency 
measures won’t provide a lasting solution. 

PSA, the solar energy center, is part of 
an OPI called the Center for Energy, Envi- 
ronment, and Technology, which has also 
suffered from a 2016 regulation stipulat- 
ing that funds received before September 
must be spent before the end of that same 
year. PSA scientists say this rule makes no 
sense when a grant is meant to be spread 
across several years, as many EU grants are. 
In the first 6 weeks of this year, PSA lost 
14 research jobs out of a total of 40 because 
funds received earlier were blocked and 
the center couldn’t advertise the posts, says 
Sixto Malato, a scientist in PSA’s research 
unit for the solar treatment of water. He 
stepped down from his role as PSA director 
last November to protest the rules. 

A total of €6 million, the entirety of PSA’s 
research budget, is blocked and will have 
to be gradually returned to the European 
Commission with interest if the rules are 
not reversed, Malato says. “The government 
has to recognize their mistake,’ he says. 
“We're not asking for funds, we’re asking 
[the treasury] to let us use external funds 
that will be spent in Spain and create jobs 
in Spain.” 
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ASTROPHYSICS 


Hawking’s bid to save quantum 
theory from black holes 


He struggled to explain why black holes don’t destroy 
information, a puzzle that may be his greatest legacy 


By Adrian Cho 


hen Albert Einstein died in 1955, 

he had spent decades on a lonely, 

quixotic quest: to derive a theory 

of everything that would unify 

gravity and electromagnetism— 

even though physicists discovered 

new nuclear forces as he worked. Stephen 

Hawking, the great British physicist who 

died last week at age 76, also worked un- 

til the end. But he focused on perhaps the 

most important problem in his area of phys- 

ics, one his own work had posed: How do 

black holes preserve information encoded 
in the material that falls into them? 

“He was clearly working on this big loose 


on 


end, which really represents a profound 
crisis for physics,” says Steven Giddings, a 
quantum physicist at the University of Cali- 
fornia, Santa Barbara. In a final bid to solve 
it, Hawking and two colleagues proposed a 
way for information to end up scribbled on 
a black hole’s inscrutable verge, although 
others are skeptical. 

A black hole is the gravitational field that 
remains when a star collapses under its own 
gravity to an infinitesimal point. Within 
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a certain distance from the point—at the 
black hole’s event horizon—gravity grows so 
strong that not even light can escape. Or so 
theorists once assumed. Thanks to quantum 
uncertainty, the vacuum roils with particle- 
antiparticle pairs flitting in and out of exis- 
tence too fast to detect directly. At the event 
horizon, Hawking realized in 1974, one parti- 
cle in a pair can fall into the black hole while 
the other escapes. As the black hole radiates 
such particles, it loses energy and mass un- 
til it evaporates completely. Such “Hawking 
radiation” is too feeble to observe, but few 
scientists doubt its existence. 

But Hawking’s signature insight led to 
a troubling conclusion. Imagine throwing 
a dictionary into a black hole that then 


With John Preskill (left) and Kip Thorne (middle), Stephen Hawking (right) wrestled with a black hole paradox. 


evaporates. Because the emerging Hawking 
radiation is presumably random, the infor- 
mation in the dictionary shouldn’t come 
back out with it. Such information loss 
would wreck quantum mechanics, which 
requires that the “wave function” that de- 
scribes any system—be it the dictionary or 
the universe—evolve in a predictable way. 
That can’t happen if information is lost. If 
allowed for black holes, such information 
loss would spread through quantum phys- 
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ics like a cancer, researchers say, spoiling 
things like energy conservation. 

Hawking thought at first that the prob- 
lem would be solved by changing quan- 
tum theory. In 1997, he and Kip Thorne, a 
gravitational theorist at the California In- 
stitute of Technology (Caltech) in Pasadena, 
entered a wager with John Preskill, also 
a Caltech theorist. Hawking and Thorne 
stuck to their position that black holes 
destroy information. By 2004, however, 
Hawking changed his mind and con- 
ceded the bet. He gave Preskill a baseball 
encyclopedia—from which arcane informa- 
tion could be recovered at will. 

Hawking spent much of his later years 
trying to figure out how a black hole could 
regurgitate information—although he also 
worked on theories of what triggered the 
big bang. Three years ago he began his last 
work on black holes with Malcolm Perry, 
a theoretical physicist and Hawking’s col- 
league at the University of Cambridge in the 
United Kingdom, and Andrew Strominger, a 
theorist at Harvard University. “It was only 
2 weeks ago that I saw him,” Perry says. “He 
certainly wasn’t in the best shape, but his 
mind was clearly focused on the problem.” 

In a pair of recent papers, the scientists 
attack a pillar of black hole theory called 
the no-hair theorem. It is widely interpreted 
to mean that just three parameters—mass, 
spin, and electric charge, the last presum- 
ably zero—suffice to describe a black hole. 
Like bald pates, black holes of similar 
masses and spins then have no details—no 
“hair’—to distinguish them, as American 
theorist John Archibald Wheeler quipped. 
That sameness implies a black hole keeps 
no record of whether, say, it swallowed the 
play King Lear or the movie King Kong. 

But strictly speaking, Strominger says, 
the theorem states only that two similar 
black holes can be “transformed” into each 
other by a handful of mathematical rela- 
tions called diffeomorphisms, which relabel 
the coordinates of space-time. An infinite 
family of other diffeomorphisms has been 
neglected for decades, he says. They imply 
that a black hole’s event horizon might be 
bedecked with an infinity of charges, a bit 
like electric charges. The charges could dis- 
tinguish one black hole from another and 
encode in-falling information, Strominger 
says. “We’re cautiously optimistic about this 
idea,” he says. “Stephen was very optimistic.” 

However, the charges may not encode 
enough information or may not do so ina 
unique way, Giddings cautions. One theo- 
rist who requested anonymity out of respect 
for Hawking says his various solutions for 
the black hole information problem pale 
next to his best work. Hawking’s latest work 
also misses a bigger issue, the theorist says. 
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Stephen Hawking, betting man 


By Daniel Clery 


amously playful, Stephen Hawking 
left a trail of light-hearted bets about 
serious scientific questions. In the 
best known, he wagered that infor- 
mation falling into a black hole is lost 
forever; he later changed his mind 
and conceded the bet (see main story, 
p. 1316). That wasn't his first loss. In a high- 
profile bet in the early 1970s, he claimed 
that black holes themselves—the subject 
of so much of his life’s work—did not exist. 

At the time, the best candidate for a 
black hole was Cygnus X-1, one of the 
strongest x-ray sources in the sky, cen- 
tered on a supergiant star. Theorists sus- 
pected an unseen orbiting companion was 
sucking in material from the star, creating 
a superhot accretion disk blazing with 
x-rays. Astronomers could calculate the 
companion’s orbit and infer its minimum 
mass: six times that of our sun. Theory 
suggested it had to be a black hole, but 
other, remote possibilities remained. 

Hawking bet another theorist, Kip 
Thorne of the California Institute of 
Technology (Caltech) in Pasadena, that 
Cygnus X-1 was not a black hole, with 
the prize being a magazine subscription. 
Hawking explained in his 1988 bestseller 
A Brief History of Time: From the Big 
Bang to Black Holes that the bet was a 
sort of “insurance policy” for him. “I have 
done a lot of work on black holes, and it 
would all be wasted if it turned out that 
black holes do not exist. But in that case, 
| would have the consolation of winning 
my bet, which would bring me 4 years of 
the magazine Private Eye,” he wrote. 

But a few years later, even though 
astronomers were still not certain that 
Cygnus X-1 was a black hole, Hawking 
conceded. Thorne wrote in his 1994 book 
Black Holes and Time Warps: Einstein's 
Outrageous Legacy, “Late one night in 


If a black hole preserves information, he 
argues, then an unavoidable conclusion of 
Einstein’s theory of gravity—that there’s no 
way to tell if you’re falling into a huge black 
hole—must be wrong. 

Others credit Hawking for working on im- 
portant problems in spite of the degenerative 
nerve disease, amyotrophic lateral sclerosis, 
that led to his use of a wheelchair and eventu- 
ally rendered him able to speak only through 
a computerized voice synthesizer. Ironically, 
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June 1990 ... Stephen and an entourage 
of family, nurses, and friends broke into 
my office at Caltech, found the framed 
bet, and wrote a concessionary note on it 
with validation by Stephen's thumbprint.” 

That loss did little to dent Hawking’s 
enthusiasm for a wager. Just a year later, 
he bet that a theoretical object called a 
naked singularity can’t exist. A singular- 
ity is a point where the gravitational field 
becomes infinite. Every black hole should 
contain one, hiding behind its event 
horizon. Thorne and his Caltech col- 
league John Preskill believed an exposed 
singularity, without an event horizon, 
could also exist; Hawking considered that 
“an anathema ... prohibited by the laws of 
classical physics.” The loser would pay up 
in clothing, to cover nakedness. 

In 1997, Hawking conceded the bet “on 
a technicality,’ Preskill says. The same day 
he framed a new version: that a naked 
singularity can never form under “generic” 
conditions. That bet remains unresolved. 

A few years later, Hawking entered the 
game again with a contrarian bet. The 
long-sought Higgs boson was hailed as the 
last missing piece of the Standard Model 
of particle physics. Hawking was not keen 
to see it discovered. He worried that it 
would simply cement the Standard Model 
without pointing the way to a more coher- 
ent theory. As a result, in the early 2000s 
he bet Gordon Kane, a particle physicist 
at the University of Michigan in Ann Arbor, 
that the particle would not be found. 

When the Higgs was confirmed in July 
2012, Hawking hailed it as an “important 
result” and said Peter Higgs, who had 
proposed the particle 48 years earlier, 
should receive a Nobel Prize (as he did, the 
next year). But, Hawking said, “It’s a pity 
in a way because the greatest advances 
in physics have come from experiments 
that gave results we didn’t expect.” He then 
added, “It seems | have just lost $100.” 


Hawking’s disability may have helped him 
avoid the isolation that enveloped Einstein, 
says Marika Taylor, a theoretical physicist 
at the University of Southampton in the 
United Kingdom, who from 1995 to 1998 was 
Hawking’s graduate student. Hawking had 
to rely on collaborators to flesh out his ideas, 
she says, and so remained deeply connected 
to his peers. “Without stepping on the toes 
of his actual family,” Taylor says, “his physics 
family was incredibly important to him.” 
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BIOMEDICINE 


Protein may explain morning 
sickness, and worse 


Two groups point to a possible trigger for vomiting, nausea 


By Roni Dengler 


fter paralyzing nausea and _ intrac- 

table vomiting caused her to lose 

the baby she was carrying in 1999, 

Marlena Fejzo decided to use her 

professional skills to understand her 

personal tragedy. A geneticist at the 
University of California, Los Angeles, Fejzo 
began to research hyperemesis gravidarum 
(HG), an extreme form of the “morning sick- 
ness” that afflicts most pregnant women. 
Jeopardizing the health of mother and fetus 
with dehydration and malnourishment, the 
little-studied condition hospitalizes at least 
60,000 U.S. women a year. 

Now, two studies, one led by Fejzo, sug- 
gest that an excess of a blood-borne protein, 
growth differentiation factor 15 (GDF15), 
is a cause of HG, and perhaps other cases 
of nausea and vomiting in pregnancy. The 
finding “finally gives some answers ... and 
validates what women have been experienc- 
ing,” says Caitlin Dean, a U.K. nurse who 
became chair of a patient advocacy group 
after enduring unrelenting vomiting and 
nausea when pregnant multiple times. In 
the past, some doctors asserted that women 
exaggerated their symptoms, and even to- 
day, women with hyperemesis report that 
medical staff brush off the severity of their 
symptoms as a routine part of pregnancy. 

Dean, who now studies HG as part of a 
Ph.D. program at the University of Plym- 
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outh in the United Kingdom, calls the 
GDFI15 discovery “an incredibly exciting 
breakthrough” that proves HG is a physical, 
not a psychological, condition. The finding 
“also points to potential therapeutic inter- 
vention,” says biochemist Stephen O’Rahilly 
of the University of Cambridge in the United 
Kingdom, who led the second study, which 
independently highlighted GDF15. 

Unable to keep food and liquids down as 
early as 4 weeks into a pregnancy, women 
with HG can lose more than 5% of their 
normal body weight. They suffer electro- 
lyte imbalances, vitamin deficiencies, and 
other symptoms of starvation that can lead 
to blood clotting dysfunction and brain at- 
rophy. Violent vomiting can produce com- 
plications such as esophageal rupture and 
retinal detachment. Symptoms peak around 
9 weeks’ gestation, but can persist until 
birth. The traumatic experience can lead 
women to end a pregnancy or decide not to 
have more children. 

Some studies have implicated estrogen and 
pregnancy hormones in HG. Fejzo, whose 
initial research focused on cancer genetics, 
has slowly built a case that genes play a role 
in the condition. In 2007, she persuaded the 
consumer genetic testing company 23andMe 
to incorporate questions about pregnancy 
sickness into its surveys, enabling her and 
her colleagues to scan the genomes of thou- 
sands of the company’s customers for DNA 
variations associated with hyperemesis. 
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Extreme nausea and relentless vomiting strike many 
pregnant women, endangering them and their babies. 


That partnership paid off. In Nature Com- 
munications this week, Fejzo’s team reports 
two genome-wide association scans. One 
compares the genomes of 1306 women who 
received intravenous (IV) fluid therapy for 
nausea and vomiting during pregnancy—a 
proxy for HG—to those of 15,756 who did 
not report any nausea or vomiting while 
expecting. Two variants stood out, the most 
significant associated with the gene for 
GDF15 and the second with a gene for a pro- 
tein called IGFBP7. Previous animal studies 
suggest that both molecules influence pla- 
centa development and appetite. 

In the second analysis, the team scruti- 
nized the genomes of pregnant women re- 
porting a gradient of nausea and vomiting 
symptoms, from none to very severe. The 
same DNA variants stood out. Finally, Fejzo 
confirmed the results in a non-23andMe co- 
hort of hundreds of women with hypereme- 
sis who required IV fluid therapy or a feeding 
tube. The genome scans didn’t implicate 
estrogen or other hormones. Fejzo’s study 
shows “very clearly that genetic variation 
close to GDF15 is the single, strongest genetic 
signal for hyperemesis,” O’Rahilly says. 

Last year, O’Rahilly’s team reported in 
a preprint that women who said they had 
vomiting during the second trimester had 
more GDF15 in their blood at 12 to 18 weeks 
of gestation than those who reported no 
nausea and vomiting or only feeling nau- 
seated. That finding, he suggests, connects 
GDF15 to more typical pregnancy sickness, 
and perhaps to HG as well. 

The molecular link makes sense to 
Samuel Breit, an immunologist and physi- 
cian at St. Vincent’s Hospital in Sydney, 
Australia. His team has previously found 
cancer patients with an anorexic and 
muscle-wasting syndrome called cachexia 
also have high blood levels of GDF15. Such 
patients experience persistent nausea and 
extreme vomiting as well. Last year, another 
group found that knocking out GDF15’s re- 
ceptor in the brain made mice resistant to 
chemotherapy-induced nausea. 

These clues have sparked interest in 
blocking the actions of GDF15 for therapy, 
O’Rahilly says. Fejzo and other researchers 
caution that it’s too soon to consider testing 
such a strategy in expectant women, given 
how little is known about the protein’s 
role in pregnancy. Reduced serum levels 
of GDF15 are associated with miscarriage, 
so the molecule may confer some protec- 
tive effect—perhaps by keeping the mother 
from consuming potentially toxic foods. But 
Dean is optimistic. “At least there is hope 
now for the future,” she says. & 
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FUNDING 


A research behemoth is born in Britain 


Expectations are high for the new £6 billion funder, UK Research and Innovation 


By Erik Stokstad, in Cambridge, U.K. 


ombine U.S. agencies akin to the Na- 

tional Institutes of Health, National 

Science Foundation, and National En- 

dowment for the Humanities. Toss in 

some energy and innovation research 

and fuel it all with the largest boost 
in R&D spending in recent history. Then put 
one person in charge. 

That’s what the United Kingdom has done 
in a major reorganization of research fund- 
ing that unites all the research councils that 
support U.K. science. The intent is to provide 
a strategic vision and voice for science, boost 
efficiency, foster interdisciplinary research, 
and—fingers crossed—kick-start an economy 
jeopardized by Brexit. “There is a lot to be 
hopeful for,’ says Sarah Main, executive di- 
rector of the Campaign for Science and Engi- 
neering in London. 


Under one roof 
UK Research and Innovation incorporates 
research councils that provide grants in six areas 


and one that supports science facilities, as well 

as an innovation agency. Half the overall budget, 
shown for 2017-18, is spent on block grants 

to universities, through Research England. 


Research England 
£3602 million (M) 


The new organization, UK Research and 
Innovation (UKRI]), officially opens 1 April. It 
is headed by Mark Walport, who led the Well- 
come Trust research charity from 2003 to 
2013 and then served as the government chief 
science adviser. John Kingman, a former se- 
nior civil servant at the treasury department 
who is experienced in research and innova- 
tion policy, is UKRI board chair. “It’s a very 
powerful top team,” says Kieron Flanagan, 
a science policy expert at The University of 
Manchester who spoke in a personal capacity 
because he is participating in a country-wide 
university strike over pension benefits. 

One big question is to what extent UKRI 
leadership can help bring about a science- 
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friendly outcome for Brexit negotiations, 
preserving collaborations and funding from 
Europe. Also unclear is how much autonomy 
the research councils will keep and whether 
UKRI will emphasize biomedical research 
and favor the “golden triangle” of Lon- 
don, Oxford, and Cambridge. The choice of 
immunologist Walport, 65, as the new CEO in 
February 2017 was well-received, but he is not 
commenting before the release of a general 
strategy, expected in May. 

The reorganization has its roots in a 2015 
review of the funding councils by biologist 
Paul Nurse, now head of The Francis Crick 
Institute in London, who argued that a uni- 
fied organization with a high-profile leader 
could help win greater government support 
for science. His recommendations were in- 
cluded in a higher education reform law 
passed in May 2017. Lawmakers also placed 
Innovate UK, a government-funded organiza- 


Innovate UK 
&773M 


Engineering and 
physical sciences 
£796M 


Natural 
environment 
£290M 


Medical Research Council 
£597M 


Facilities 


£396M Economicand — Arts and 
social research humanities 
£157M £101M 


tion designed to help business generate new 
technology, within UKRI. 

The seven disciplinary councils (see 
graphic, above) will together continue to 
give out about £3 billion annually, mostly as 
peer-reviewed grants, while part of another 
council—now renamed Research England— 
will keep providing £3 billion in unrestricted 
grants to English universities. The latter 
funding, mostly awarded in proportion to 
universities’ productivity and impact, can 
be used for infrastructure or operations in 
any field. (Northern Ireland, Scotland, and 
Wales will keep their separate, smaller fund- 
ing councils, independent of UKRI, as part of 
their devolved governments.) A new central 
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fund outside the councils is intended to stim- 
ulate interdisciplinary research. 

In a January lecture, Walport said early 
priorities include boosting international 
collaborations and stimulating growth in 
places that are lagging economically. Some 
observers hope he will also promote gender 
equality and diversity in the research com- 
munity, and open-access publishing. “There 
is an opportunity to reset the agenda,” says 
Stephen Curry, a structural biologist at Impe- 
rial College London. Walport launched an in- 
novative open-access policy at the Wellcome 
Trust, and UKRI will soon review the coun- 
cils’ policies—which encourage and pay for 
open access immediately upon publication— 
including their cost-effectiveness. 

UKRI starts with well-filled coffers. The 
government is giving it most of £4.7 billion 
in new science funding, ramping up over 
4 years, as part of a new industrial strategy. 
In return, UKRI needs to generate economic 
benefits fast. “The organization will have to 
devise robust ways to get that money out the 
door in quite tight time scales,” says physicist 
Richard Jones of The University of Sheffield. 
“T think that’s going to be a real challenge.” 

Critics of the reform that led to UKRI 
didn’t see the need for a new agency and 
worry about a loss of independence for the 
research councils. With so much power be- 
ing concentrated, scientists could be left with 
little political recourse if they disagree with 
a major funding decision, Flanagan says. 
“UKRI will have a huge amount of freedom 
and autonomy with little oversight,’ he says. 

The large proportion of life scientists and 
representatives of the research-rich south- 
east United Kingdom on the UKRI board 
also raises concerns. UKRI “has to convince 
the community that they represent all parts 
of our country and all parts of the scientific 
community,’ says Athene Donald, a physicist 
here at the University of Cambridge. 

Ottoline Leyser, a plant scientist at the 
University of Cambridge, is optimistic that 
UKRI will listen to the research community. 
“We need to say what we want and say it ina 
positive way. The doors are open for that kind 
of input.” Indeed, UKRI can only win over 
skeptics if it makes decisions transparently 
and with broad input from stakeholders, says 
James Wilsdon, a science policy expert at The 
University of Sheffield. “Until it’s operational 
for a year or two,” he says, “we won’t really 
know how it’s going to all work.” & 
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NEWS 


THE REALIST 


Vaclav Smil looks to history for the 
future of energy. What he sees is sobering 


By Paul Voosen 


s a teenager in the 1950s, Vaclav 
Smil spent a lot of time chopping 
wood. He lived with his family in 
a remote town in what was then 
Czechoslovakia, nestled in the 
mountainous Bohemian Forest. 
On walks he could see the Hohen- 
bogen, a high ridge in neighboring 
West Germany; less visible was the 
minefield designed to prevent Czechs from 
escaping across the border. Then it was back 
home, splitting logs every 4 hours to stoke 
the three stoves in his home, one downstairs 
and two up. Thunk. With each stroke his 
body, fueled by goulash and grain, helped 
free the sun’s energy, transiently captured in 
the logs. Thunk. It was repetitive and tough 
work. Thunk. It was clear to Smil that this 
was hardly an efficient way to live. 
Throughout his career, Smil, perhaps the 
world’s foremost thinker on energy of all 
kinds, has sought clarity. From his home of- 
fice near the University of Manitoba (UM) in 
Winnipeg, Canada, the 74-year-old academic 
has churned out dozens of books over the 
past 4 decades. They work through a host 
of topics, including China’s environmental 
problems and Japan’s dietary transition from 
plants to meat. The prose is dry, and they 
rarely sell more than a few thousand cop- 
ies. But that has not prevented some of the 
books—particularly those exploring how so- 
cieties have transitioned from relying on one 
source of energy, such as wood, to another, 
such as coal—from profoundly influencing 
generations of scientists, policymakers, exec- 
utives, and philanthropists. One ardent fan, 
Microsoft co-founder Bill Gates in Redmond, 
Washington, claims to have read nearly all 
of Smil’s work. “I wait for new Smil books,” 
Gates wrote last December, “the way some 
people wait for the next Star Wars movie.” 
Now, as the world faces the daunting chal- 
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lenge of trying to curb climate change by 
weaning itself from fossil fuels, Smil’s work 
on energy transitions is getting more atten- 
tion than ever. But his message is not neces- 
sarily one of hope. Smil has forced climate 
advocates to reckon with the vast inertia 
sustaining the modern world’s dependence 
on fossil fuels, and to question many of the 
rosy assumptions underlying scenarios for 
a rapid shift to alternatives. “He’s a slayer 
of bullshit,’ says David Keith, an energy and 
climate scientist at Harvard University. 

Give Smil 5 minutes and he’ll pick apart 
one cherished scenario after another. Ger- 
many’s solar revolution as an example for 
the world to follow? An extraordinarily in- 
efficient approach, given how little sunlight 
the country receives, that hasn’t reduced 
that nation’s reliance on fossil fuels. Elec- 
tric semitrailers? Good for little more than 
hauling the weight of their own batteries. 
Wind turbines as the embodiment of a low- 
carbon future? Heavy equipment powered 
by oil had to dig their foundations, Smil 
notes, and kilns fired with natural gas 
baked the concrete. And their steel towers, 
gleaming in the sun? Forged with coal. 

“There's a lot of hopey-feely going on in 
the energy policy community,” says David 
Victor, an expert on international climate 
policy at the University of California, San 
Diego. And Smil “revels in the capability to 
show those falsehoods.” 

But Smil is not simply a naysayer. He 
accepts the sobering reality of climate 
change—though he is dubious of much 
climate modeling—and believes we need 
to reduce our reliance on fossil fuels. He 
has tried to reduce his own carbon foot- 
print, building an energy-efficient home 
and adopting a mostly vegetarian diet. He 
sees his academic work as offering a clear- 
eyed, realistic assessment of the challenges 
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Through dozens of books, 
Vaclav Smil has helped 
shape how people 

think about the past and 
future of energy. 


ahead—not as a justification for inaction. 
And he says he has no ax to grind. “I have 
never been wrong on these major energy 
and environmental issues,’ he says, “be- 
cause I have nothing to sell.” 

Despite Smil’s reach—some of the world’s 
most powerful banks and bureaucrats rou- 
tinely ask for his advice—he has remained 
intensely private. Other experts tap dance 
for attention and pursue TED talks. But 
Smil is a throwback, largely letting his books 
speak for themselves. He loathes speaking 
to the press (and opened up to Science only 
out of a sense of duty to The MIT Press, his 
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longtime publisher). “I really don’t think I 
have anything special to say,’ he says. “It’s 
out there if you want to know it.” 


THIS PAST DECEMBER, Smil stepped out of a 
hotel in Washington, D.C., and pulled on a 
knit cap—he’d allow no wasted heat, espe- 
cially given a persistent head cold. He had 


given a lecture the previous day and now was 
making a beeline for a favorite spot: the Na- 
tional Gallery of Art. He was a regular in the 
nation’s capital during the 1980s and ’90s, 
consulting with the World Bank, the Central 
Intelligence Agency, and other government 
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agencies. But the United States’s security 
clampdown after 9/11—its the increasing 
political dysfunction—soured him on the 
country’s leaders. “This government is so 
inept,” he said. “It cannot even run itself in 
the most basic way.” 

Still, Smil can’t shake his affection for the 
United States. It goes back to his childhood: 
During World War II, U.S. soldiers—not Soviet 
troops—liberated his region from the Nazis. 
And it was to the United States that Smil 
and his wife, Eva, fled in 1969, after the 
Soviets invaded Czechoslovakia to stymie a 
political uprising. 
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Nothing was exceptional about his child- 
hood, Smil says. His father was a police of- 
ficer and then worked in manufacturing; 
his mother kept the books for a psychiatric 
hospital’s kitchen. But even as a boy, he 
was aware of the miasma of falsehood that 
surrounded him in Cold War Czechoslo- 
vakia, and it spurred his respect for facts. 
“Tm the creation of the communist state,” 
he says, recalling how, as a child, he heard 
that the Soviet Union had increased pro- 
duction of passenger cars by 1000% in a 
single year. “I looked at it and said, ‘Yeah, 
but you started from nothing,” Officials 
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Energy inertia 


The transition from wood (“traditional biofuels”) to fossil fuels—first coal, then oil and natural gas—took 
more than a century. Today, fossil energy is dominant, with wind and solar making up a mere sliver of the mix. 
The pace of past energy transitions suggests that a full-scale shift to renewables will be slow. 
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In the past, humanity has typically adopted energy sources that have greater “power density,” packing more 
punch per gram and requiring less land to produce. Renewables (green), however, are lower in density than 
fossil fuels (brown). That means a move to renewables could vastly increase the world’s energy production 
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would claim they had exceeded their food 
plan, yet oranges were never available. “It 
was so unreal and fake,” Smil says. “They 
taught me to respect reality. I just don’t 
stand for any nonsense.” 

As an undergraduate, Smil studied the 
natural sciences at Charles University in 
Prague. He lived in an old converted clois- 
ter. Its thick stone walls kept it chilly, sum- 
mer and winter. And in the first of Smil’s 
personal energy transitions, heat came not 
from wood, but from coal—hard black an- 
thracite from Kladno or dirty brown lignite 
from North Bohemia. 
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He got to indulge his curiosity, taking 
35 classes a week, 10 months a year, for 
5 years. “They taught me nature, from 
geology to clouds,” he says. But Smil de- 
cided that a traditional scientific career was 
not for him. No lab bench called: He was 
after the big picture. 

After graduation, he also realized that 
his future would not be in his homeland: 
He refused to join the Communist Party, 
undermining his job prospects. He worked 
in a regional planning office while Eva pur- 
sued her medical degree. After Soviet troops 
invaded, many friends and neighbors pan- 
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icked and left. But the couple waited for 
Eva’s graduation, dreading a travel ban. 
They finally departed in 1969, just months 
before the government imposed a travel 
blockade that would last for decades. “That 
was not a minor sacrifice, you know?” Smil 
says. “After doing that, I’m not going to sell 
myself for photovoltaics or fusion or what- 
ever and start waving banners. Your past 
always leads to who you are.” 

The Smils ended up at Pennsylvania 
State University in State College, where 
Vaclav completed a doctorate in geography 
in 2 years. With little money, they rented 
rooms from a professor’s widow, and Smil 
made another energy transition: Periodi- 
cally, an oil truck arrived to refuel the base- 
ment furnace. Smil then took the first job 
offer he received, from UM. He’s been there 
ever since. 

For decades until his retirement, Smil 
taught introductory environmental sci- 
ence courses. Each year ended with a 
10-question, multiple choice final exam, with 
a twist: “There could be no right answer, or 
every answer was correct, and every combi- 
nation in between,” says Rick Baydack, chair 
of the environmental science department at 
UM, who was once Smil’s student. 

Otherwise, Smil was a ghost in his de- 
partment, taking on only a few graduate 
students. Since the 1980s, he has shown 
up at just one faculty meeting. But as long 
as he kept teaching and turning out highly 
rated books, that was fine for the school. 
“He’s a bit of a recluse and likes to work 
on his own,” Baydack says. “He’s continued 
down a path he set for himself. What’s hap- 
pening around him doesn’t really matter.” 


TODAY, SMIL STRADDLES the line between 
scientist and intellectual, flashing the 
tastes of a “rootless bohemian cosmopoli- 
tan,’ as his old communist masters used 
to call him. He’s fluent in a flurry of lan- 
guages. He’s a tea snob and foodie who is 
reluctant to eat out because so much res- 
taurant food is now premade. Stand in a 
garden and he can tell you the Latin names 
of many of the plants. He’s an art lover: 
Mention the Prado Museum in Madrid 
and he might tell you the secret of finding 
5 minutes without crowds to appreciate 
Diego Velazquez’s Las Meninas, his favor- 
ite painting, which depicts a Spanish prin- 
cess encircled by her retinue. And then 
he’ll say, “I appreciate and love blue-green 
algae,’ which helped kick off Earth’s oxy- 
gen age. “They are the foundation.” 

Smil’s breadth feels anachronistic. In 
modern academic science, all the incentives 
push to narrow specialization, and Smil 
believes his eclectic interests have compli- 
cated his career. But his ability to synthe- 
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size across disparate fields also has proved 
a strength, enabling him to trace how en- 
ergy courses through every capillary of the 
world’s economy. 

Smil’s writing career kicked off in the 
mid-1970s, just as an embargo on oil sales 
by Middle Eastern nations woke up devel- 
oped nations to just how hooked they were 
on petroleum, for transportation, heating, 
farming, chemicals, even electricity. The jolt 
came just after the publication of The Limits 
to Growth, an influential study that, using a 
simple computer model, warned of a pend- 
ing depletion of the planet’s resources. 

Smil was intrigued and taught himself pro- 
gramming to re-create the model for himself. 
“T saw it was utter nonsense,” he recalls; the 
model was far too simple and easily skewed 
by initial assumptions. He constructed a 
similar model of how carbon dioxide 
emissions affect climate and found it 
similarly wanting. He understood the 
physics of the greenhouse effect and 
the potential for a carbon dioxide 
buildup to warm Earth, but models 
seemed too dependent on assump- 
tions about things like clouds. Ever 
since, he’s held models of all kinds in 
contempt. “I have too much respect 
for reality,’ he says. 

Instead, he scoured the scientific litera- 
ture and obscure government documents 
for data, seeking the big picture of how 
humanity generates and deploys energy. 
What ultimately emerged in several blandly 
titled books—including General Energetics: 
Energy in the Biosphere and Civilization 
(1991), Energy in World History (1994), and 
Energy Transitions: History, Requirements, 
Prospects (2010)—is an epic tale of innova- 
tion and transformation, worked through 
one calculation at a time. 

That work has guided a generation to 
think about energy in the broadest sense, 
from antiquity to today, says Elizabeth 
Wilson, director of the Institute for Energy 
and Society at Dartmouth College. “You 
could take a paragraph from one of his 
books and make a whole career out of it,” 
she says. And yet Smil has avoided men- 
tal traps that could come with his energy- 
oriented view, she adds. “[He] does a really 
good job of being nuanced.” 

In essence, Smil says, humanity has expe- 
rienced three major energy transitions and 
is now struggling to kick off a fourth. First 
was the mastery of fire, which allowed us 
to liberate energy from the sun by burning 
plants. Second came farming, which con- 
verted and concentrated solar energy into 
food, freeing people for pursuits other than 
sustenance. During that second era, which 
ended just a few centuries ago, farm animals 
and larger human populations also sup- 
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plied energy, in the form of muscle power. 
Third came industrialization and, with it, 
the rise of fossil fuels. Coal, oil, and natural 
gas each, in turn, rose to prominence, and 
energy production became the domain of 
machines, as such coal-fired power plants. 

Now, Smil says, the world faces its 
fourth energy transition: a move to energy 
sources that do not emit carbon dioxide, 
and a return to relying on the sun’s current 
energy flows, instead of those trapped mil- 
lions of years ago in deposits of coal, oil, 
and natural gas. 

The fourth transition is unlike the first 
three, however. Historically, Smil notes, 
humans have typically traded relatively 
weak, unwieldy energy sources for those 
that pack a more concentrated punch. The 
wood he cut to heat his boyhood home, for 


“You could take a paragraph from one 
of his books and make a whole career 
out of it. [He] does a really good job of 


being nuanced.” 
Elizabeth Wilson, Dartmouth College 


example, took a lot of land area to grow, 
and a single log produced relatively little 
energy when burned. Wood and other bio- 
mass fuels have relatively low “power den- 
sity,” Smil says. In contrast, the coal and oil 
that heated his later dwellings have higher 
power densities, because they produce 
more energy per gram and are extracted 
from relatively compact deposits. But now, 
the world is seeking to climb back down 
the power density ladder, from highly con- 
centrated fossil fuels to more dispersed 
renewable sources, such as biofuel crops, 
solar parks, and wind farms. (Smil notes 
that nuclear power, which he deems a “suc- 
cessful failure” after its rushed, and now 
stalled, deployment, is the exception walk- 
ing down the density ladder: It is dense in 
power, yet often deemed too costly or risky 
in its current form.) 

One troubling implication of that density 
reversal, Smil notes, is that in a future pow- 
ered by renewable energy, society might 
have to devote 100 or even 1000 times 
more land area to energy production than 
today. That shift, he says, could have enor- 
mous negative impacts on agriculture, bio- 
diversity, and environmental quality. 

To see other difficulties associated with 
that transition, Smil says, look no further 
than Germany. In 2000, fossil fuels pro- 
vided 84% of Germany’s energy. Then the 
country embarked on a historic campaign, 
building 90 gigawatts of renewable power 
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capacity, enough to match its existing elec- 
tricity generation. But because Germany 
sees the sun only 10% of the time, the coun- 
try is as hooked as ever on fossil fuels: In 
2017, they still supplied 80% of its energy. 
“True German engineering,” Smil says dryly. 
The nation doubled its hypothetical capac- 
ity to create electricity but has gotten mini- 
mal environmental benefit. Solar can work 
great, Smil says, but is best where the sun 
shines a great deal. 

Perhaps the most depressing implication 
of Smil’s work, however, is how long making 
the fourth transition might take. Time and 
again he points back to history to note that 
energy transitions are slow, painstaking, 
and hard to predict. And existing technolo- 
gies have a lot of inertia. The first tractor 
appeared in the late 1800s, he might say, 
but the use of horses in U.S. farming 
didn’t peak until 1915—and contin- 
ued into the 1960s. 

Fossil fuels have similar iner- 
tia, he argues. Today, coal, oil, and 
natural gas still supply 90% of the 
world’s primary energy (a measure 
that includes electricity and other 
types of energy used in industry, 
transportation, farming, and much 
else). Smil notes that the share was 
actually lower in 2000, when hydropower 
and nuclear energy made up more of the 
mix. Since then, “we have been increasing 
our global dependence on fossil fuels. Not 
decreasing,” he says. 

A key factor has been the economic boom 
in China, a nation Smil has studied since the 
1970s, and its burgeoning appetite for coal. 
Smil was among the first Western academ- 
ics invited to study the Chinese energy sys- 
tem. He sounded early warnings about the 
nation’s cooked farm statistics and perilous 
environmental state. Now, Smil is disheart- 
ened by China’s consumer culture: Instead 
of aiming to live more modestly, he says the 
Chinese are “trying to out-America America.” 

Meanwhile, despite years of promotion 
and hope, wind and solar account for just 
about 1% of the world’s primary energy mix. 
In part, he notes, that’s because some of the 
key technologies needed to deploy renew- 
able energy on a massive scale—such as 
higher-capacity batteries and more efficient 
solar cells—have seen only slow improve- 
ments. The bottom line, he says, is that the 
world could take many decades to wean it- 
self from fossil fuels. 


SMIL SEES FEW OPTIONS for hastening the 
transition. And that is where he and some 
of his biggest fans—including Gates— 
diverge. Smil’s realism appeals to Gates, who 
first mentioned Smil on his blog in 2010. 
Like many tech tycoons, Gates had made 
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failed investments over the previous decade 
in biofuels, a technology Smil has scorned 
because it is so land-hungry. Over the next 
year, Gates, who declined to be interviewed 
for this story, publicly detailed his conver- 
sion to Smilism. It was not an easy one: Af- 
ter reading his first Smil book, Gates “felt a 
little beat up. ... Am I ever going to be able 
to understand all of this?” But he ultimately 
concluded that “I learn more by reading 
Vaclav Smil than just about anyone else.” That 
enthusiasm has written Smil’s epitaph: “Ill 
forever be Bill Gates’s scientist,’ Smil says. 
The two have met just a few times, but they 
email regularly. And Gates has opened doors 
for Smil: Swiss banks weren’t calling for his 
advice before. But they keep the relationship 
pure. “I would never ask him for any favor— 
never ever,’ Smil says. “As simple as that.” 
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lessons of the past. “Sometimes I’ve heard 
him speak too confidently” about how 
slowly technology transitions occur, says 
Keith, another Gates adviser. History, Keith 
notes, offers a small sample size. 

Smil says he would be delighted to be 
proved wrong—as he has been, twice, in 
the past. In particular, a breakthrough in 
cheap energy storage would change the 
game. “Give me mass-scale storage and I 
don’t worry at all. With my wind and photo- 
voltaics I can take care of everything.” But 
“we are nowhere close to it,” he says. 


WHEN NOT ON THE ROAD, Smil lives a quiet 
life in Winnipeg. He cultivates hot pep- 
pers, tomatoes, and basil in containers. 
(Deer would eat a traditional garden.) He 
cooks meals in Indian or Chinese styles, 
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Microsoft co-founder Bill Gates is an avid reader of Vaclav Smil’s books, including Energy and Civilization, at the 
bottom of this stack. “I learn more by reading [him] than just about anyone else,” Gates has written. 


But when it comes to the future of en- 
ergy, they make an odd couple. In 2016, 
Gates helped start Breakthrough Energy 
Ventures, a billion-dollar fund to speed 
clean energy innovations from the lab to 
market. “I am more optimistic than [Smil] 
is about the prospects of speeding up the 
process when it comes to clean energy,’ 
Gates has written. Smil puts it another 
way: “He’s a techno-optimist, I’m a Euro- 
pean pessimist.” 

Smil says that pessimism is rooted in his 
understanding of history. But even some of 
his fans say he puts too much stock in the 
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eating meat maybe once a week. He drives 
a Honda Civic, “the most reliable, most ef- 
ficient, most miraculously designed car.” 
He built his current home in 1989, a mod- 
est house of about 200 square meters. He 
used thicker-than-standard studs and joists, 
so he could stuff 50% more insulation into 
the walls, and all of the windows are triple- 
paned. There’s a 97% efficient natural gas 
furnace. “My house,’ he says, is “a very ef- 
ficient machine for living.” 

Despite those choices—and all that can 
be learned from his work—Smil is not com- 
fortable offering solutions. Any he suggests 
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typically come down to encouraging indi- 
vidual action, not sweeping government 
policies or investment strategies. If we all 
cut consumption, lived more efficiently, 
and ate less meat, he suggested at one re- 
cent lecture, the biosphere would do fine. 
Fewer livestock, for instance, might mean 
farmers would stop overfertilizing soy- 
beans to feed to animals. Less fertilizer, 
in turn, would drastically cut emissions 
of nitrous oxide, a powerful greenhouse 
gas, from the soil. “Less pork and less beef, 
right? That’s it,” Smil says. “Nobody is re- 
ally talking about it.” 

Such statements can make Smil sound 
as though he were an author of The Lim- 
its to Growth—not a critic. And the reality 
is that “there are many Vaclavs,” says Ted 
Nordhaus, an environmentalist and execu- 
tive director of The Breakthrough Institute, 
an environmental think tank in Oakland, 
California. There is the hard-edged skeptic, 
and then “there are times where Vaclav will 
be an old-fashioned conservationist. We 
could all be perfectly happy living at the 
level of consumption and income as French- 
men in 1959.” 

Smil doesn’t apologize for his contra- 
dictions. And for all his insistence on 
documenting reality, he accepts that many 
concepts cannot be defined. What does 
a healthy society look like, and how do 
you measure it? He abhors gross domes- 
tic product, the traditional measure used 
by economists, because even horrendous 
events—natural disasters and _ shootings, 
for example—can prompt spending that 
makes it grow. But the alternatives don’t 
look great, either. Happiness indexes? Some 
of “the happiest nations on the planet are 
Colombia and the Philippines,” Smil says. 
“What does that tell you?” 

Lately, he’s been thinking about growth, 
the obsession of modern, fossil-fueled econ- 
omies and the antithesis of Smil’s lifestyle 
of efficient, modest living. How do children 
grow? Energy systems? Cyanobacteria? 
Empires? His next book, in 195,000 words, 
will examine growth in all forms. “I’m try- 
ing to find the patterns and the rules,” he 
says. “Everything ends. There is no hyper- 
bolic growth.” 

Still, although Smil can see the present 
better than most, he is loath to predict the 
future. Those two times he was wrong? 
He could not have imagined, he says, how 
soon the Soviet Union would fall. Or how 
fast China would grow. And he is not about 
to say that a collapse is inevitable now— 
not even with humanity on a problematic 
course and unlikely to change direction 
soon. “You ask me, ‘When will the collapse 
come?’” Smil says. “Constantly we are col- 
lapsing. Constantly we are fixing.” 
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Are wood pellets a green fuel? 


A return to firewood is bad for forests and for the climate 


By William H. Schlesinger 


ames Watt’s steam engine vaulted 
coal to its major role as a fuel for the 
Industrial Revolution. Today, about 
40% of the world’s electricity is gen- 
erated in coal-fired power plants, 
consuming more than 80% of the 
coal mined each year. Because combustion 
of coal produces carbon dioxide (CO,) and 
other air pollutants, efforts to combat cli- 


Cary Institute of Ecosystem Studies, Post Office Box AB, 
Millbrook, NY 12545, USA. Email: schlesingerw@caryinstitute.org 


1328 23 MARCH 2018 + VOL 359 ISSUE 6382 


mate change have now turned to seeking 
alternatives to coal. Natural gas is cleaner 
and less expensive but, like coal, returns 
fossil carbon to the atmosphere. Recently, 
attention has focused on woody biomass— 
a return to firewood—to generate electric- 
ity. Trees remove CO, from the atmosphere, 
and burning wood returns it. But recent 
evidence shows that the use of wood as fuel 
is likely to result in net CO, emissions and 
may endanger forest biodiversity. 

In recent years, ~7 million metric tons 
of wood pellets per year have been shipped 
from the United States to the European 
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Union (EU), where biomass fuels have been 
declared carbon neutral and are thus consid- 
ered to count toward fulfilling the commit- 
ments of the Paris Agreement. The EU aims 
to generate 20% of its electricity by 2020 
using renewable sources, including burn- 
ing woody biomass. In part to revive a lan- 
guishing forest products industry, the U.S. 
Congress may also declare wood a carbon- 
neutral fuel. Despite its withdrawal from the 
Paris Agreement, the United States may see a 
few utilities switch from coal to wood, which 
costs roughly the same as natural gas. The 
switch could be further incentivized with a 
carbon tax on fossil carbon (7). 

Cutting trees for fuel is antithetical to the 
important role that forests play as a sink 
for CO, that might otherwise accumulate 
in the atmosphere. Each year, an estimated 
31% of the CO, emitted from human activi- 
ties is stored in forests (2). However, man- 
aged forests store less carbon than their 
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native counterparts (3), and harvesting of 
native forests will therefore be a source of, 
not a sink for, atmospheric CO,. Further- 
more, wood contains less energy than coal, 
and wood burning thus generates higher CO, 
emissions per kilowatt of electricity. The CO, 
emissions from burning wood offset CO, that 
might otherwise be emitted from fossil-fuel 
combustion (4, 5), but full carbon account- 
ing must also consider how long it takes to 
restore the carbon pool of forested land that 
has been converted to atmospheric CO, (6). 
The large-scale abandonment of agricul- 
tural activities during the Great Depression 
(1929 to 1939) led to a rapid expansion of 
mostly natural forests across the south- 
eastern United States. Later, these natural 
stands were replaced by plantations of lob- 
lolly and slash pine, which were the favor- 
ites of the forest products industry because 
they grow well in the warm, wet climate of 
the Southeast (see the photo). Loblolly pine 
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Young loblolly pines are harvested 
in the southeastern United States. 


plantations achieve a maximum biomass 
of 125 metric tons per hectare in about 40 
years (7). But because this species achieves 
its maximum rate of biomass accrual in 
about 20 years, rotations are usually kept 
short to maintain the fastest carbon uptake 
possible. Thirty-four operating and pro- 
posed wood-pellet plants dot the landscape 
of the Southeast, each anticipated to receive 
logs from the region within an 80-km ra- 
dius. Maine and the Canadian Maritime 
provinces also eye the potential for wood 
pellets to revitalize their forest products 
industries; most of this wood would derive 
from natural forests and not plantations. 

It is not only the burning of wood that 
adds CO, to the atmosphere. Making wood 
pellets and shipping them to Europe can 
account for about 25% of the total carbon 
emitted to the atmosphere from the use of 
wood pellets in European power plants (8). 
Carbon neutrality for wood is only achieved 
if the areas that are harvested are allowed 
to regrow such that they store more than 
their original biomass. Furthermore, the 
benefits of wood power must be discounted 
by the loss of the carbon sequestration that 
would have occurred in the original forests 
if they had not been harvested (6). 

Although the carbon uptake by south- 
eastern forests is greatest at about 20 years, 
regrowing stands continue to have lower 
biomass than unharvested stands for 40 to 
100 years (9, 10). Rotation lengths of less 
than 40 years seem certain to transfer car- 
bon from biomass to CO, in the atmosphere. 
By contrast, nonwoody biomass fuels such 
as switchgrass or silvergrass (Miscan- 
thus) regrow within a year, balancing the 
emissions from their combustion to their 
subsequent uptake of CO, through photo- 
synthesis. With wood, there is the assump- 
tion—but no guarantee—that new trees will 
be planted and will persist long enough to 
pay back the carbon debt created by burn- 
ing the previous stands. If that carbon stock 
is not restored, burning wood may actu- 
ally emit more CO, to the atmosphere than 
burning coal (10). 

Much of the argument about the carbon 
neutrality of wood power centers on the 
time frame of analysis. Because CO, per- 
sists for many decades in the atmosphere, 
some scientists argue that CO, emitted to 
the atmosphere does not contribute sub- 
stantially to global warming in intervals 
less than a century (17). Others hold that all 
CO, molecules in the atmosphere exert the 
same effect and that plantation rotations of 
less than 20 years make a substantial net 
contribution to global warming. Ocko et 
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al. (12) argue that the impacts on warming 
should always be reported for both 20- and 
100-year periods, so that policy-makers can 
understand the net CO, emissions that are 
associated with the time horizon of differ- 
ent policy options. Full international partic- 
ipation is paramount; it makes no sense to 
have Europeans embracing wood pellets as 
carbon neutral, thereby overlooking the CO, 
emitted during shipment and the losses of 
carbon stock from forests harvested outside 
Europe. This is another example of export- 
ing CO, emissions beyond the border (13). 

Many environmental economists be- 
lieve that the increased value of forests for 
wood-pellet production will ensure that 
more forests are planted (J4); when trees 
have little or no value, the landscape is 
more likely to succumb to commercial or 
residential development. But in the south- 
eastern United States, these forests are 
most likely to be pine plantations, which 
are of limited value for the preservation 
of its rich regional biodiversity. Further- 
more, increased demand for wood pellets 
can raise the price of raw wood, diverting 
harvest to old-growth forests, which are 
important areas for biodiversity. 

Biodiversity losses in the southeastern 
United States mostly result from land clear- 
ing (1/5), and agricultural clearing during 
the past two centuries likely already had 
great impacts on biodiversity. Following 
agricultural abandonment in the early 20th 
century, forests are now more widespread 
but are mostly pine plantations with low 
biomass and low diversity. Ultimately, the 
question is what kinds of forests are most 
desirable for the future. Unless forests are 
guaranteed to regrow to carbon parity, pro- 
duction of wood pellets for fuel is likely to 
result in more CO, in the atmosphere and 
fewer species than there are today. 
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INSIGHTS | PERSPECTIVES 


NEUROSCIENCE 


Early life experience shapes neural genome 


Transposons accumulate in neurons of pups with lack of maternal care in mice 


By Saera Song! and Joseph G. Gleeson? 


he brain is constantly changing in re- 

sponse to environmental experiences 

throughout life. Mounting evidence 

from animal and human studies sug- 

gests that brain development and 

behavior are influenced by early life 
experiences. Several compelling experimen- 
tal models have been developed to study the 
effect of early life experiences on the brain, 
such as stress, exposure to toxins, availabil- 
ity of nutrients, adversity, 
and quality of maternal 
care (1). The relationship 
between genes and envi- 
ronment on the brain and 
how they affect behavior 
has been a long-standing 
issue. Can the genome of 
individual brain cells be 
changed by environmen- 
tal factors? If so, which 
types of genetic changes 
can result? What is the 
molecular basis of this ge- 
netic diversity? What are 
the physiological implica- 
tions? On page 1395 of this 
issue, Bedrosian et al. (2) 
explore one possibility for 
how neuronal genomes 
can exhibit plasticity in re- 
sponse to environmental 
factors during early life, providing integrative 
evidence for the effect of early maternal care 
on the genomes of neurons. 

Somatic mosaicism is the phenomenon by 
which cells within an organism can have dif- 
ferent genetic sequences. The brain exhibits 
extensive somatic mosaicism, and this is of 
particular interest because it can contribute 
to neuronal diversity and potentially expand 
the range of behavior of the individual (3). 
Mobile elements are DNA sequences that can 
change their position within the genome, ei- 
ther by a DNA-based (transposition) or RNA- 
based (retrotransposition) mechanism (4). 
Retrotransposition is one of the main forms 
of somatic mosaicism in the brain (5). Divid- 


Low maternal care 
can induce somatic 
mosaicism of L1 
retrotransposons in 
the brains of pups. 
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ing cells, such as neural progenitor cells, may 
tolerate or even support increased levels of 
retrotransposition relative to other cells, 
resulting in neurons with unique genomes 
(6-8). Long interspersed element-1 (LI, also 
known as LINE-1) is the most abundant class 
of retrotransposon, comprising about 17% of 
the mammalian genome. L1 elements remain 
mobile in both human and mouse genomes 
throughout life. L1 elements are ~6 kb long, 
and the insertion of L1 into DNA during ret- 
rotransposition results in the generation of 


Maternal care alters genomic structure 
Early life experiences such as maternal care affect DNA sequence in neurons of the hippocampus 
via L1 retrotransposition. The accumulation of L1 retrotransposons in the hippocampus of rodent 

pups reared with low maternal care might contribute to higher anxiety-like behavior in adulthood. 


Hippocampus 


variably sized target site duplications, which 
flank the new insertion. It can be challeng- 
ing to detect neuronal L1 retrotransposition 
events because individual events can be 
specific to a particular cell and can vary in 
frequency based on the brain region and/or 
cell type being assayed and the method of de- 
tection (9-11). Despite such challenges, it is 
now understood that somatic retrotransposi- 
tion occurs in neurons of both humans and 
mice and can influence neural disease. These 
advances were achieved through the devel- 
opment of new experimental tools such as 
copy number quantitative polymerase chain 
reaction (PCR) assays, L1 reporter assays, 
and next-generation sequencing of bulk and 
single cells. Building on this previous work, 
Bedrosian et al. hypothesize that neuronal 
genomes can be influenced by environmental 
factors such as early life experiences. 

Rodent pups receive maternal care as one 
of the first biological embedding experiences. 
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Mature neuron 


Natural variations of maternal care can be 
assessed by monitoring licking and groom- 
ing behaviors, nesting patterns, contact time, 
and the type of posture in rodents (12). Bed- 
rosian et al. developed a droplet digital PCR 
(ddPCR) assay to detect copy number of L1 
retrotransposons in neuronal cell genomes. 
They demonstrated that pups reared under 
conditions of low maternal care for the first 
2 weeks after parturition accumulate L1 ret- 
rotransposons. This Ll accumulation was 
observed in the hippocampus but not in the 
frontal cortex or heart, 
suggesting that they rep- 
resent somatic mosaic 
events. The hippocampus 
exhibits plasticity, and 
it is highly sensitive to 
environmental stimuli, 
making it more likely to 
foster retrotransposition 
during early life (7). To 


{ DNMT3A gene expression further support the appar- 
| Methylation of YY1 binding ent inverse correlation of 

site in the L1 promoter increased L1 copy number 
t Ll copy number and decreased maternal 


care, the authors manipu- 
lated the effect of mater- 
nal care by separation, 
resulting in a compensa- 
tory increase in care that 
dams (female parents) 
provide to pups upon 
reunification. Maternal 
separation attenuated accumulation of L1 
copies of pups reared with low-maternal-care 
dams. Moreover, a cross-fostering experiment 
showed better correlation of Ll copy number 
with the maternal care of the dam that reared 
the pups rather than the biological dam. As 
a potential mechanism, Bedrosian et al. also 
report that neuronal cells from pups that ex- 
perienced low maternal care had reduced L1 
promoter methylation on the binding sites 
of the transcriptional repressor protein, Yin 
Yang 1 (YY1), which correlated with reduced 
expression of DNA methyltransferase 3A 
(DNMT83A). Thus, the changes in retrotrans- 
position may be regulated at the epigenetic 
level (see the figure). It will be interesting to 
measure the effect of these events on neuro- 
nal cell phenotypes and on the behavior of 
the offspring. 

It is well established that maternal care 
can affect epigenetic control and changes in 
gene expression in the brain (73). The study 
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by Bedrosian et al. brings new insight into 
this concept, demonstrating that plasticity 
in DNA sequences can change in response 
to environmental cues. More detailed analy- 
sis, including mapping of L1 insertion sites 
to demonstrate their integration into ge- 
nomic DNA by single-cell genomic analysis 
from hippocampal neurons, is necessary to 
critically test this hypothesis. In addition, it 
will be interesting to examine the effect of 
other environmental challenges on LI ret- 
rotransposition in the brain or to identify 
other types of somatic genomic variations 
in the brain that can result from environ- 
mental factors. However, caution is war- 
ranted in extrapolating these findings to 
humans. L1 is much more active in mouse 
than human brain, and there are higher 
numbers of active Lis in the average mouse 
genome (3000 to 4000) compared with 
human (~80 to 100) (1/4, 15). Additionally, 
we still do not completely understand the 
biological and physiological consequences 
of Ll retrotransposition events. As in pre- 
vious reports, higher anxiety-like behavior 
was observed in adult mice that were reared 
with low maternal care (72), and thus it 
would be interesting to investigate whether 
increased L1 copy number contributes to 
these behaviors. It is believed that mosaic 
DNA mutations can potentially alter the 
physiological properties of individual neu- 
rons, contributing to overall brain function, 
neural circuits, and behavior, although such 
changes could just as easily be maladap- 
tive. Somatic mosaicism resulting from ret- 
rotransposition or other types of mutations 
may represent a bridge between environ- 
mental and genetic factors that create func- 
tional diversity among brain cells or the 
predisposition to brain disorders. With a 
further understanding of how environmen- 
tal factors contribute to somatic mutations 
in the human brain, it may become possible 
to better predict risk and develop new treat- 
ments for neuropsychiatric disease. 
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NEUROBIOLOGY 


RNA targeting and 
translation in axons 


Local translation of transcripts takes center 
stage in neuron growth and regeneration 


By Antonella Riccio 


eurons are among the largest and 
most complex cells in nature, often 
extending very long axons, which in 
adult mammals, including humans, 
can reach up to one meter in length. 
These extraordinary morphological 
features pose a challenging problem as to 
how information codified in the nucleus can 
reach the periphery of the cell in a timely 
manner to respond to extrinsic stimuli. 
Similar to virtually all eukaryotic cells, neu- 
rons have adopted the strategy of localiz- 
ing RNA asymmetrically. The nature of the 
transcripts targeted to dendrites and axons 
have been extensively studied, and they en- 
code synaptic proteins, cytoskeleton com- 
ponents, ion channels, mitochondrial and 
ribosomal proteins, and proteins required 
for plasma membrane biogenesis. However, 
the mechanism underlying local translation 
has remained elusive. On page 1416 of this 
issue, Terenzio et al. (1) add a new piece to 
the puzzle and show that local translation 
to produce the protein mammalian target 
of rapamycin (mTOR) precedes the burst of 
protein synthesis associated with the regen- 
eration of injured axons. mTOR is a serine/ 
threonine kinase that plays a central role in 
regulating protein synthesis (2). 
Peripheral localization of transcripts is 
a widespread phenomenon that mediates 
many cellular processes. In neurons, coding 
and noncoding RNAs are targeted to den- 
drites and axons, where messenger RNAs 
(mRNAs) are rapidly translated in response 
to extrinsic stimuli. Local protein synthesis 
has been shown to mediate synaptic develop- 
ment and plasticity in dendrites, whereas in 
axons, it is necessary for axon extension and 
steering in response to guidance cues (3). Al- 
though polyribosomes were visualized at the 
base of dendritic spines more than 30 years 
ago, the presence of the translational machin- 
ery in axons has been hotly debated. This was 
mostly because in axons, ribosomes are found 
close to the plasma membrane, which makes 
visualization by using classical microscopy 
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techniques difficult. Because of their localiza- 
tion, it has even been proposed that axons 
may “borrow” ribosomes from surrounding 
cells, such as Schwann cells that produce the 
myelin sheath that coats axons (4). 
Comparative analyses of RNAs localized in 
either dendrites, axons, or cell bodies showed 
expression patterns that only partially over- 
lap and differ depending on cell type and 
developmental stage (5-7). Interestingly, tran- 
scripts that are highly expressed in cell bod- 
ies are not necessarily enriched in axons or 
dendrites, indicating that RNAs do not reach 
the peripheral compartments by passive 
transport but are sorted and delivered with 
an active mechanism. How are transcripts 


“Further understanding 

of the basic mechanisms 
underlying mRNA 
localization...will lay the 
foundations for developing 
new therapeutic approaches 
for many neural disorders.” 


selected to be transported to axons? At least 
two mechanisms must be taken into account, 
one intrinsic to the RNA and dependent on 
its structure and a second related to the ex- 
trinsic signals that trigger transcript local- 
ization. Although the information necessary 
for RNA transport can be stored anywhere 
along the transcript, most elements that 
regulate mRNA targeting are found within 
the 3’ untranslated regions (UTRs). The first 
localization element of a neuronal transcript 
was identified in the 3’UTR of the mRNA 
encoding f-actin and was named “zipcode” 
because it was necessary for delivering the 
mRNA to axons in response to neurotrophins 
(8). A number of localization elements have 
since been found in the 3’UTRs of trans- 
ported transcripts (5, 9). Although the ribo- 
nucleotide sequences of localization elements 
described so far show little resemblance, it 
is possible that the folding of the RNA may 
form common secondary structures. 
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RNA transport and translation in regenerating axons 

In developing neurons, MRNA localization and translation mediate axon growth. Although adult neurons are 
less dependent on this mechanism to maintain nerve homeostasis, after injury many transcripts, including 
mTOR, are transported to axons and translated at the lesion site. Local translation of mTOR increases protein 
synthesis in a positive loop that supports nerve growth and regeneration. 
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The main aim of asymmetric distribution 
of mRNA is to compartmentalize signal- 
ing. For example, the guidance cue netrin-1 
induces localized synthesis of B-actin in 
growth cones, which mediates the steering of 
retinal axons toward the guidance cue (J0). 
Interestingly, RNA localization and local pro- 
tein synthesis is regulated with a high degree 
of signal specification. In developing sensory 
neurons, for example, distinct transcripts 
are targeted to axons in response to different 
neurotrophins (17). A potential mechanism 
entails that each extrinsic signal activates 
specific RNA-binding proteins (RBPs) that 
act as a hub to recruit and transport differ- 
ent sets of transcripts. This has been dem- 
onstrated for splicing factor glutamine-rich 
(SFPQ), an RBP that regulates the transport 
of functionally related transcripts in re- 
sponse to neurotrophins (72). 

A prototypical example of the advantages 
brought about by signal compartmentaliza- 
tion in neurons is provided by the regen- 
erative response that follows nerve injury. 
Compared with developing neurons, adult 
neurons have fewer ribosomes in axons, and 
lower levels of local protein synthesis are 
required for their maintenance. However, 
a sudden change of circumstances, such as 
traumatic injury, has a profound impact on 
gene expression and dramatically increases 
RNA localization to axons (9), ensuring 
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that regenerating axons receive a constant 
supply of newly synthesized proteins. The 
initial response to axon damage requires 
the activation of the signaling protein ex- 
tracellular signal-regulated kinase (ERK) 
and an increase of intracellular calcium 
at the site of the lesion. These events are 
necessary for membrane resealing, and al- 
though short-lived, they can also influence 
gene expression. After this acute response, 
Terenzio et al. found that a sustained ret- 
rograde propagation of the injury signal to 
the nucleus induces the targeting of newly 
synthesized transcripts, including those en- 
coding mTOR to the lesion site of the axons. 
The combination of increased transport of 
mRNAs and high local translation of mTOR 
results in the synthesis of proteins neces- 
sary for nerve regeneration (see the figure). 

A number of fundamental questions re- 
main unanswered. It is still unknown how 
RNAs are sorted in the nucleus and “tagged” 
for transport to dendrites and axons. A po- 
tential mechanism may involve small non- 
coding RNAs and/or the UTRs of targeted 
transcripts that in combination with spe- 
cific RBPs, such as SFPQ, could act as a scaf- 
fold to tag mRNA for transport. Indeed, the 
3'UTR of the transcript interacts with the 
encoded cell surface protein CD47, driving 
localization to the plasma membrane (13). 
Genome-wide analyses of 3’UTR expres- 
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sion, such as poly(A)-seq and 3’end-seq, 
will help to obtain a comprehensive picture 
of the features shared among 3’UTRs of pe- 
ripherally localized transcripts. 

Noncoding RNAs, including microRNAs, 
are also present in both dendrites and ax- 
ons. It is not known whether their role 
is confined to regulating mRNA stability 
and translation of localized transcripts or 
whether they represent the missing link be- 
tween extrinsic signals applied at the periph- 
ery of the cell and nuclear functions. mRNAs 
encoding transcription factors are known to 
be transported and translated in both axons 
and dendrites (6, 74, 15). However, their bio- 
logical importance is uncertain, mostly be- 
cause it is difficult to understand how they 
could elicit a transcriptional response that is 
distinct from the one induced by the much 
larger fraction of the same transcription fac- 
tors residing in the nucleus. It is possible 
that noncoding RNAs, and perhaps UTRs, 
form a tag that determines the binding of 
axon-derived transcription factors to specific 
promoters in a manner akin to many en- 
hancer RNAs, which interact with transcrip- 
tion factors and RNA polymerase II on the 
promoters of regulated genes. 

The mechanistic links between extrinsic 
signals and translational activation in devel- 
oping and regenerating axons are still largely 
unknown. Although Terenzio et al. made the 
important discovery that local translation 
of mTOR regulates protein synthesis in re- 
sponse to injury in adult axons, whether this 
is a mechanism shared with other neurons 
and at different developmental stages re- 
mains unclear. It should also be noted that 
the incorrect processing and delivering of 
mRNA has been linked to the pathogenesis 
of many human neurological disorders, to 
the point that it has been proposed that 
most, if not all, neurodegenerative diseases 
fundamentally are disorders of RNA metabo- 
lism (75). Further understanding of the basic 
mechanisms underlying mRNA localization 
in dendrites and axons will lay the founda- 
tions for developing new therapeutic ap- 
proaches for many neural disorders. 
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INORGANIC CHEMISTRY 


From rock-stable to reactive phosphorus 


A low-temperature route converts phosphate into an anion useful in chemical synthesis 


By John D. Protasiewicz 


he main use of phosphate minerals is 
as fertilizer, but phosphorus is used in 
herbicides, flame retardants, drugs, 
battery electrolytes, and other materi- 
als. To date, the key feedstock for these 
materials is elemental phosphorus, 
particularly white phosphorus (P,). Reduc- 
tion of phosphate to P, is energy intensive, 
and it must be converted into other interme- 
diates, such as PCl,, through reaction with 
chlorine gas (all of which are highly reac- 
tive and toxic). On page 1383 of this issue, 
Geeson and Cummins (J) report a set of sim- 
ple transformations that afford a less energy- 
intensive strategy for converting phosphate 
into the bis(trichlorosilyl)phosphide anion 1. 
Anion I serves as a P, surrogate useful for 
the synthesis of a number of important or- 
ganophosphorus compounds, including an 
organophosphorus-based drug. 

Phosphorus is too reactive to be found in 
nature in its elemental state. In particular, 
white phosphorus is reactive with oxygen, 
and phosphorus is most commonly found 
in its highest formal oxidation state (+5), 
as in phosphate (PO,*>) salts or in organo- 
phosphorus compounds. Phosphate is con- 
centrated in phosphate-containing rock 
and the mineral apatite (2). In the 17th 
century, Brand, in his pursuit of the phi- 
losopher’s stone, isolated this element as an 
eerie glowing substance from human urine 
(3). The awareness that supplies of readily 
collected phosphate are limited has led to 
greater interest in its recovery and avoiding 
its environmental discharge (4). 

The industrial reduction of phosphate re- 
quires high temperatures (1400° to 1600°C) 
and addition of other materials, such as 
silica and coke (a carbon source), to create 
strong new element-oxygen bonds that off- 
set the energy costs associated with remov- 
ing P-O bonds (5). Geeson and Cummins’s 
approach begins with phosphoric acid, 
which is widely available from phosphate 
rock and used in fertilizer manufacture. 
Phosphoric acid can be readily transformed 
into trimetaphosphate in the form of a tet- 
rabutylammonium salt. Remarkably, the 
reaction of trimetaphosphate with excess 
trichlorosilane (HSiCl,) under mild heat- 
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ing (110°C) provides a previously unknown 
anion, 1, in 65% yield. Anion 1 was un- 
ambiguously characterized by a series of 
spectroscopic techniques and single-crystal 
x-ray diffraction studies. 

This transformation of phosphorus in 
phosphate that was “rock stable” and in its 
highest oxidation state has three remark- 
able features. It cleanly reduced phosphorus 
to a lower formal oxidation state that is bet- 
ter suited for chemical elaboration. It also 
created a phosphorus center with a formal 
negative charge that is better able to par- 
ticipate in nucleophilic reactions (i.e., make 
new phosphorus-element bonds). Further, 
phosphorus was functionalized with two 
trichlorosilyl units that serve as additional 
sites for possible differential reactivity. The 
use of the reagent HSiCl, (available in quan- 
tity because it is a key precursor to pure 
silicon for the electronics industry) is im- 


From rock to drugs 

Geeson and Cummins harvested phosphorus from 
unreactive phosphate sources (such as phosphoric 
acid produced from apatite rock) by reduction 

with trichlorosilane. Anion 1 can be used to synthesize 
many compounds, including the drug fosinopril. 
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portant, because the reaction that removes 
oxygen atoms from phosphorus is facili- 
tated by formation of strong Si-O bonds. 

Anion 1 thus represents a versatile syn- 
thon for a variety of interesting materials 
(see the figure). Consistent with the anionic 
phosphorus center and oxophilic silicon cen- 
ters, addition of water protonates the phos- 
phorus center and exchanges the silyl groups 
for hydrogen atoms to form the phosphorus 
analog of ammonia, phosphine (PH,). Oxida- 
tive fluorination of 1 with xenon difluoride 
removes the silyl groups to afford the hexa- 
fluorophosphate anion [PF,], which is an 
anionic component critical to the function of 
most lithium-ion batteries. The nucleophilic 
character of the phosphorus atom in 1 allows 
direct alkylation (formation of P-C bonds). 
Addition of excess (4-chlorobutyl)benzene 
(an alkyl halide) to anion 1 produced the dial- 
kylated phosphine (a secondary phosphine) 
of the form R,PH (R = CH,CH,CH,CH,Ph). 

Even more interesting was the discovery 
that anion 1 need not be isolated to cre- 
ate useful organophosphorus compounds 
from inorganic phosphate. Specifically, 
starting with the trimetaphosphate anion, 
addition of both (4-chlorobutyl)benzene 
and HSiCl, followed by heating led to the 
direct formation of the intermediate sec- 
ondary phosphine RP(SiC1,)H, which reacts 
with water to afford the primary phosphine 
RPH,. Secondary and primary phosphines 
are important ligands, as well as precursors 
to ligands, for binding to transition metals 
and forming catalysts that carry out many 
important industrial processes. Geeson 
and Cummins also demonstrated success- 
ful transformation of RPH, to fosinopril, a 
drug used to treat hypertension and to ward 
off stroke and heart attacks (6), highlighting 
that their process can afford fine organo- 
phosphorus chemicals and avoid use of P, 
as a phosphorus source. 
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A radical advance for conducting polymers 


Organic radical polymers can have much higher electrical conductivities than anticipated 


By Jodie Lutkenhaus 


rganic radical polymers have unusual 
electronic properties, with potential 
applications in batteries, electron- 
ics, and memory storage (1-3). The 
first nitroxide-based organic radical 
polymer, reported by Okawara and 
co-workers in 1972 (4), has since been used 
as an electroactive material in battery elec- 
trodes (5). With recent explorations into or- 
ganic radical polymers for thermoelectrics 
and electronics (2, 6), the electrical conduc- 
tivity of these materials has become a center 
of interest. On page 1391 of this issue, Joo et 
al. (7) add an important facet to this discus- 
sion by demonstrating the highest reported 
conductivity for an organic radical polymer. 

Organic radical polymers consist of a 
polymeric hydrocarbon backbone and pen- 
dant radical functional groups (see the fig- 
ure). This results in an electronic structure 
that is neither like an aliphatic polymer nor 
like a conjugated polymer. Conjugated poly- 
mers accommodate charges through elec- 
tronic delocalization along the backbone. 
By contrast, organic radical polymers bear 
charge at highly localized radical sites. This 
subtle difference results in extremely fast 
charging kinetics and battery-like behavior 
for radical polymers, whereas conjugated 
polymers have more sluggish kinetics and 
behave more like capacitors. 

Electrons are thought to move in organic 
radical polymers by hopping from radical 
to radical and through segmental motion 
of the polymer chain (8, 9). Therefore, elec- 
tron transport is a function of many factors, 
including the distance between radicals, 
radical concentration, and diffusion of the 
radical site or polymer backbone. In an 
earlier experimental study, Rostro et al. 
found that a model organic radical poly- 
mer, poly(2,2,6,6-tetramethylpiperidinyloxy 
methacrylate) (PTMA), has a conductivity 
of ~1 x 10°* S m™ and that this conductiv- 
ity could be enhanced by adding the radical 
small molecule 2,2,6,6-tetramethylpiperi- 
dine 1-oxyl (TEMPO) (0). On the other 
hand, Zhang et al. carefully studied the con- 
ductivity of the same polymer and found 
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it to be completely insulating, regardless 
of how it was synthesized (6). These stud- 
ies used different measurement techniques 
and different length scales of observation. 
Joo et al. now report that conductiv- 
ity increases dramatically up to 20 S m™ 
for an ether-oxygen-based organic radical 
polymer when observed over a distance of 
600 nm or less. This value is on par with 
that of some conjugated polymers. The 
authors conclude that the observations 
are likely a result of local organization of 
percolating radical sites at or below that 
length scale. This local organization is 


the pendant radical site. This will enhance 
the frequency at which radical sites will 
come sufficiently close to each other to 
transfer an electron. Joo et al. chose an 
ether-oxygen-containing backbone and 
linker group, which is exceptionally flex- 
ible; ether-oxygen groups are commonly 
used to facilitate ion diffusion in solid 
polymer electrolytes. The polymer has a 
glass transition temperature below room 
temperature, which facilitated thermal an- 
nealing to promote the local organization 
of radical sites. Most other organic radi- 
cal polymers studied for their conductivity 


How an organic radical polymer conducts 
The organic radical polymer PTEO [poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-l-oxy!)] has a flexible 
structure that helps to increase the polymer’s conductivity at length scales of 600 nm or less. 


Random coil 


Organic radical polymer 


Flexible —e ) 
backbone 
Flexible ——.Q 


linker 


Radical-bearing 
unit 


Pendant radical groups on 
the polymer backbone bear 
highly localized electrons. 


similar to the manner in which charged 
polymers self-organize (17). It increases 
the local concentration of radical sites and 
thereby raises the probability of radical-to- 
radical electron hopping. This benefit is 
lost at larger length scales, and conductiv- 
ity declines dramatically. The length scale 
of Zhang et al.’s measurement was on the 
order of micrometers (6). 

Another important factor that enhances 
conductivity is the flexibility of the poly- 
mer backbone and linker group. Sato et 
al. have shown that electron self-exchange 
among radical sites correlates to the dif- 
fusion of the polymer (9). A more flexible 
backbone and linker group should thus 
enhance the diffusion of the polymer and 
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Unannealed, these radical groups 
are too far apart to transport 
electrons over large distances. 


Percolating domains 


Thermal 
annealing 


Annealed, the radical groups organize 
into percolating domains that facilitate 
electron transport. 


have glass transition temperatures above 
room temperature, making them difficult 
to thermally anneal without decomposi- 
tion, and have low polymer mobility. 
Comparison of organic radical and con- 
jugated polymers shows that the govern- 
ing factors to achieving high conductivity 
are very different. Diffusion and proxim- 
ity of radical sites are important to elec- 
tron transport in organic radical polymers, 
which tend to be amorphous in nature. By 
contrast, electron transport in conjugated 
polymers benefits from controlled crystal- 
lization and extended conjugation lengths 
along the backbone. Yet in both classes of 
polymer, conductivity is improved via lo- 
cal structural organization upon annealing. 
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Organic radical and conjugated polymers 
have been proposed as transparent conduc- 
tors, but conjugated radical polymers have 
a characteristic color because of their in- 
trinsic band gap. Organic radical polymers 
show little absorption in the visible range, 
which is seen as an added advantage. 

Joo et al.’s work raises many important 
questions and indicates future areas of 
study. The authors claim that enhanced 
conductivity arises from percolating or self- 
organized regions, but there is no definitive 
structural evidence to confirm this concept. 
Experimental neutron scattering studies 
and simulations are needed, among other 
approaches, to explore this further. Besides 
structural evidence, there is a need for un- 
derstanding the dynamics of the system, 
particularly the diffusion of the polymer 
backbone and the radical site. Once struc- 
ture and dynamics are understood, these 
may be correlated to electronic conductivity 
and may even be manipulated to enhance 
the conductivity even further. 

Although the conductivity is exceptionally 
high for this polymer type, wider applica- 
tion will require this conductivity to be sus- 
tained over a larger length scale (>600 nm). 
This might be accomplished through an- 
nealing or through synthetic design to in- 
crease the length scale of the percolating 
regions. Another pertinent question is how 
partial doping affects conductivity. Doping 
converts the neutral nitroxide radical to 
oxoammonium cations, which may adjust 
the mobility of the polymer and the concen- 
tration of radical sites. Last, organic radi- 
cal polymers are important components 
in organic radical batteries and redox flow 
batteries, in which the polymer-electrolyte 
interface becomes important. Understand- 
ing solvent-polymer interactions and their 
relationships to conductivity could benefit 
these applications. Given that Joo et al.’s re- 
port presents such a large leap for electrical 
conductivity in organic radical polymers, 
many more exciting findings for this inter- 
esting class of polymer are likely to follow. 
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Targeting angiogenic 
metabolism in disease 


Targeting endothelial cell metabolism offers new 
therapeutic opportunities for various conditions 


By Xuri Li! and Peter Carmeliet!?* 


lood vessels, which are lined by endo- 

thelial cells (ECs), supply oxygen and 

nutrients to every cell in the body. 

When tissues (or tumors) grow, they 

stimulate ECs to form new blood ves- 

sels (angiogenesis), so that they be- 
come better nourished. Hence, inhibiting 
angiogenesis to starve tumors has become 
a clinically approved therapy. For more 
than 40 years, antiangiogenic medicine 
has focused on targeting angiogenic signal- 
ing proteins, such as vascular endothelial 
growth factor (VEGF). However, the success 
of VEGF-targeted therapy for cancer and 
neovascular ocular diseases is limited by 
insufficient efficacy and/or drug resistance, 
necessitating a fundamentally different ap- 
proach. Targeting EC metabolism is gaining 
increasing attention as a possible alterna- 
tive for inhibiting angiogenesis. 

Blood vessels are lined by quiescent (non- 
dividing) phalanx ECs, so-called because 
of their cobblestone morphology and role 
in barrier formation. For vessels to sprout 
during angiogenesis, phalanx ECs must 
undergo phenotypic changes. Angiogenic 
signals such as VEGF induce the formation 
of a migratory tip EC and proliferative stalk 
ECs that elongate the sprout (J) (see the fig- 
ure). A tip cell can be overtaken by a more 
competitive stalk cell, so that the fittest cell 
always leads the way. 

Cellular metabolism, the process that con- 
verts nutrients to energy and biomass, is es- 
sential for ECs to survive, migrate, and grow, 
hence its importance in forming new blood 
vessels. It was postulated that ECs can only 
execute the orders of growth factors if they 
accordingly adapt their metabolism, sug- 
gesting that EC metabolism could regulate 
angiogenesis (2). Several metabolic pathways 
in ECs have been characterized, yielding new 
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therapeutic targets. A pioneering observa- 
tion in the EC metabolism field was that ECs 
are addicted to anaerobic glycolysis (that 
is, glucose metabolism not requiring oxy- 
gen), even though they are exposed to high 
blood oxygen concentrations, which would 
be expected to favor oxidative glucose me- 
tabolism (requiring oxygen) (3). Indeed, ECs 
rely on glycolysis to generate >85% of their 
energy source, adenosine triphosphate (ATP), 
much more than most other quiescent cells. 
Tip cells use glycolysis to provide energy for 
migration, whereas stalk cells use glycolysis 
to generate energy and divert glycolytic in- 
termediates to other pathways for biomass 
synthesis in order to proliferate. There are 
several advantages of such glycolytic reli- 
ance: If ECs rely solely on oxidative metabo- 
lism, they would not be able to revascularize 
ischemic tissues, which are deprived of oxy- 
gen; distantly removed from blood vessels, 
oxygen concentrations drop faster than those 
of glucose, enabling ECs to rely on anaerobic 
glycolysis for continued growth in hypoxia; 
and even though the ATP yield from glucose 
is higher for oxidative metabolism, glycolysis 
generates ATP more rapidly, thereby allowing 
ECs to quickly revascularize ischemic tissues. 

The key role of glycolysis for ECs explains 
why mice lacking the glycolytic activator 
6-phosphofructo-2-kinase/fructose-2,6-bi- 
phosphatase 3 (PFKFB3) in ECs suffer im- 
paired (retinal) vessel sprouting because of 
decreased EC proliferation and migration 
(3). Also, fibroblast growth factor 2 (FGF2) 
stimulates vessel growth through up-regu- 
lation of hexokinase 2 (HK2), another gly- 
colytic enzyme (4). 

EC metabolism differs from that of other 
cell types. Most other cell types use glucose 
and glutamine for nucleotide synthesis, 
whereas ECs additionally use fatty acid oxi- 
dation (FAO), in conjunction with substrates 
replenishing the Krebs cycle (5). As a result, 
in mice lacking the FAO-regulator carnitine 
palmitoyltransferase 1A (CPT1A) in ECs, 
blood vessel expansion is impaired because 
of decreased EC proliferation, suggesting 
CPT1 blockade for antiangiogenic targeting. 

Amino acids, such as glutamine and aspar- 
agine, are another important source of nutri- 
ents for ECs. Glutamine is used for biomass 
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synthesis, redox homeostasis (to prevent oxi- 
dative stress), and other processes. Glutamine 
deprivation or inhibition of glutaminase 1 
(GLSD, the enzyme that converts glutamine 
to glutamate, impairs replenishment of car- 
bons into the Krebs cycle, macromolecule 
production, and redox homeostasis in ECs 
(6, 7). Inhibition of glutamine metabolism 
impairs tip-cell migration and stalk-cell pro- 
liferation, causing vessel sprouting defects in 
vivo (6, 7). Notably, silencing of GLS1 in ECs 
reduces their competitiveness to obtain the 
tip position in vascular sprouts in vitro (6). 
Blocking GLS1 might thus therapeutically in- 
hibit tumor and ocular angiogenesis. 
Glutamine metabolism is linked to aspara- 
gine metabolism. It provides nitrogen for 
asparagine synthesis to sus- 
tain cellular homeostasis. 
Hence, silencing asparagine 


vessels leaky (9). Also, through enhancing nu- 
clear factor-kB (NF-KB) signaling, glycolysis 
makes tumor ECs adhesive for cancer cells. 
These phenotypic changes facilitate entry of 
cancer cells into the blood and metastasis to 
distant tissues (9). Understanding how me- 
tabolism controls EC biology will increase its 
value for drug targeting of vascular defects. 
Abnormal tumor vessels facilitate cancer 
cell metastasis and impair chemotherapy 
and immunotherapy. Hence, reducing these 
abnormalities (called tumor vessel normal- 
ization) offers therapeutic opportunities to 
reduce metastasis and improve other thera- 
pies (10). Compared to healthy ECs, tumor 
ECs have higher glycolysis levels (9), offering 
the opportunity to selectively target them 


Metabolic pathways in angiogenesis 


cularization in mice (5, 6), illustrating the 
potential of targeting these metabolic en- 
zymes for antiangiogenic therapy. Profiling 
of tumor and ocular EC metabolism at the 
single-cell level promises to yield additional 
metabolic targets. Besides tumor and ocu- 
lar angiogenesis, other hypervascular dis- 
eases—for example, vascular malformations 
and pulmonary hypertension—might also 
benefit from anti-EC metabolic therapies. 
Notably, EC metabolism can also be ma- 
nipulated to promote blood vessel growth. 
This can be beneficial to reoxygenate isch- 
emic tissues. Indeed, acetate supplementa- 
tion stimulates blood vessel growth in mice 
treated with a CPT1 blocker without systemic 
effects (14). Transplantation of tissue organ- 
oids (engineered tissues in a 
dish) may offer an alterna- 
tive to donor organ usage. 


synthetase (ASNS), which 
converts glutamine-derived 
nitrogen and aspartate to 
asparagine, impairs EC 
sprouting (6), thus identi- 


During angiogenesis, endothelial cells undergo metabolic changes that facilitate the formation 
of a sprout by stalk cells, which is directed by the tip cell. Key regulators of endothelial cell 
metabolism, PFKFB3, CPT1A, and GLS1, might be new therapeutic targets for various conditions. 


Angiogenic metabolism 


Stimulating vascularization 
of tissue organoids by 
modulating EC metabolism 
or delivering metabolites 
would benefit this regenera- 


fying ASNS blockade as an 
antiangiogenic approach. In 
contrast to cancer cells, the 
proliferation defect of glu- 
tamine-starved ECs cannot 
be rescued by antioxidant 
supplements or replenish- 
ment of the Krebs cycle 
alone (6), again illustrating 
the distinct nature of EC 
metabolism and also the at- 
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tractive potential to target Quiescent vascular 


EC metabolism for antian- 
giogenic therapy of tumors and eye diseases. 
An outstanding issue is which signaling 
molecules regulate EC metabolism. Insights 
into such molecular signals may offer thera- 
peutic opportunities. In ECs, tip cell-induc- 
ing VEGF and FGF signaling stimulates 
glycolysis by up-regulating the expression 
of PFKFB3 and HK2, respectively, whereas 
stalk-cell Notch signaling lowers glycolysis 
by down-regulating PFKFB3 expression (3). 
The transcription factor forkhead box O1 
(FOXO}]) acts as a gatekeeper of phalanx EC 
quiescence, by reducing glycolysis and mito- 
chondrial respiration (8). Another proquies- 
cence signal, Kruppel-like factor 2 (KLF2), 
induces similar effects. Possibly, inhibitors 
of FOXO1 or KLF2 might thus be useful to 
revascularize ischemic or engineered tissues. 
How does EC metabolism mechanistically 
affect EC functions? Glycolytic enzymes in 
cell protrusions interact with the actin cyto- 
skeleton to generate high amounts of ATP lo- 
cally for cytoskeleton remodeling during EC 
migration (3). Moreover, by providing energy 
for endocytosis (cellular ingestion) of cell-cell 
junction proteins, glycolysis makes tumor 
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without causing systemic toxicity in other 
cell types, which do not rely as prominently 
on glycolysis and can compensate by switch- 
ing to other metabolic pathways. Blockade 
of PFKFB3, decreasing EC glycolysis rate by 
only 20 to 35%, sufficed to inhibit pathologi- 
cal angiogenesis in mouse models of ocular 
neovascularization and inflammatory bowel 
disease and to induce tumor vessel normal- 
ization, thereby suppressing metastasis and 
improving chemotherapy responses (9, 11, 
12). Development of small-molecule PFKFB3 
blockers is under way. 

To avoid systemic effects, the goal should 
be to cool down the overheated metabolic 
(glycolytic) engine of tumor ECs, rather than 
to shut it down completely, as this will cause 
toxicity. Indeed, a small-molecule PFKFB3 
blocker induces beneficial tumor vessel nor- 
malization at a low dose, but causes tumor 
vessel disintegration at a high dose, which 
allows cancer cells to escape and disperse 
throughout the body more easily, arguing 
against maximally tolerable antiglycolytic 
therapy (9, 13). Pharmacological blockade 
of CPT1 or GLS1 also reduces ocular neovas- 
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tive medicine approach. It 
remains to be assessed if EC 
metabolism can be targeted 
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Emerging evidence implies 
perturbations of EC me- 
tabolism underlying EC 
dysfunction in such pa- 
tients (75). Correcting these 
perturbations, for instance, by delivering 
metabolites that drive EC metabolism, could 
offer new therapeutic opportunities. Finally, 
when lymphatics (EC-lined vessels that drain 
fluid) are dysfunctional, lymphedema devel- 
ops, for which no cure exists. The potential of 
FAO and acetate to modify EC metabolism so 
as to stimulate lymphatic EC differentiation 
(through epigenetic regulation) and growth 
to improve fluid drainage may offer new ther- 
apeutic opportunities for this disease (74). EC 
metabolism studies are in their infancy, yet 
their future promise is exciting. 


homeostasis 
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Efforts to address environmental 
pollution, such as in this waterway 
in Wuzhen, China, can bring 

many cobenefits for human health. 


Expanded health systems for 
sustainable development 


Advance transformative research for the 2030 agenda 


By Christopher Dye 


ince the United Nations (UN) 

launched the 2030 Agenda for Sus- 

tainable Development in 2015, the 

global health community has grown 

accustomed to the new catalog of 

17 Sustainable Development Goals 
(SDGs, 2016-2030), and even to the criti- 
cism that has been leveled at numerous 
imprecise targets. SDG 3 makes universal 
health coverage (UHC, Target 3.8) cen- 
tral to achieving the principal health goal 
of healthy lives and well-being for all at 
all ages, and sets targets for reducing the 
burden of noncommunicable diseases and 
injuries, a conspicuous omission from the 
Millennium Development Goals (MDGs, 
2000-2015) which focused on maternal and 
child health and major communicable dis- 
eases. But the greater ambition of the 2030 
Agenda is to anchor health in development, 
recognizing that good health depends on 
and contributes to other development goals, 
underpinning social justice, economic pros- 
perity, and environmental protection. These 
aspirations have been frequently voiced 
but scarcely pursued, and the SDGs are 
often treated simply as a checklist of new 
goals and targets. Yet their potential is far 
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greater—collectively they should be a force 
for discovery of new ways to achieve bet- 
ter health and well-being. To this end, the 
legacy of the MDGs, and the structure of 
the SDGs, lead to a testable proposition for 
research: Advance health and development 
by expanding the scope and enhancing the 
effectiveness of the systems and services 
that prevent and treat illness. At stake is 
the question of how to accelerate gains in 
health through broad-based sustainable 
development, building on successes and 
compensating for weaknesses of targeted, 
time-limited health programs. 

That question is not new, and neither 
is the view that systems analysis can 
help answer it. The idea of strengthen- 
ing health systems has been pursued for 
years in some segments of the global re- 
search and development community, but 
has usually been tackled within separate 
compartments of the health sector. The 
SDGs can promote a more expansive and 
interrogative approach to creating systems 
for better health—pushing politicians to 
seek ways of collaborating across multiple 
sectors of government; urging businesses 
and citizens to reconsider their roles, re- 
sponsibilities, and reasons for contributing 
to public health; stimluating funders to 
support research across traditional disci- 
plines; inspiring scientists to step beyond 
the security of familiar methods and pro- 
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cedures; and encouraging ethicists to con- 
sider which arguments for equity, rights, 
and fairness do and do not work in differ- 
ent settings. 


LEGACY OF THE MDGs 

The MDGs were conceived as a partnership 
between richer and poorer countries to end 
extreme poverty. Interventions targeted 
low-income countries with high burdens of 
disease. Despite early aspirations to achiev- 
ing broad-based development, these inter- 
ventions were generally top-down (vertical) 
rather than systemic (horizontal); focused 
more on technologies and less on the means 
of using them; were driven by foreign aid 
rather than domestic finance; measured 
progress in terms of national averages con- 
cealing inequalities among individuals; and 
set short-term deadlines rather than promot- 
ing long-term development. Even so, sub- 
stantial health gains were made in the MDG 
era: The number of people living in extreme 
poverty; the malaria, tuberculosis (TB), and 
under-five mortality rates; and the maternal 
mortality ratio all fell by about one-half or 
more between 1990 and 2015. 

Analyses of progress toward the MDGs 
[such as (J, 2)] have exposed strengths and 
weaknesses of such targeted health pro- 
grams, making at least two often-forgotten 
points. First, although medical technologies 
such as vaccines and drugs can be linked 
to better health, these interventions rely on 
functioning health services, run by skilled 
health workers with health information sys- 
tems, supply chains, and financing and gover- 
nance mechanisms. In some settings, vertical 
programs targeting selected diseases may 
have damaged the health systems that they 
needed to succeed, by attracting resources 
disproportionately, or simply through neglect 
(3). Reintegrating disease-control programs 
into general health services now poses opera- 
tional challenges (4). 

Second, these studies reaffirm the indi- 
rect health risks (and potential benefits) 
of social, economic, and environmental 
factors that lie outside the control of the 
health sector, such as female education and 
fertility, family income, and access to safe 
water and sanitation. The idea of modifying 
these factors by working across disciplines 
and sectors has a long history, but multidis- 
ciplinary research and intersectoral action 
are still exceptional rather than routine. For 
example, cross-disciplinary initiatives from 
the human (“Health in All Policies,” HiAP) 
and veterinary health (“One Health”) com- 
munities have common aims but remain 
largely separate enterprises. One challenge 
of working across sectors is to balance the 
control of selected diseases of high impor- 
tance (such as HIV/AIDS, TB, malaria) with 
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the management of systemic risks to health 
(e.g., provision of safe water, sanitation, and 
housing, or mechanisms for finance, gover- 
nance, monitoring, and planning). Both are 
important, but the MDGs emphasized the 
former, whereas the SDGs stress the latter. 
The choice between the two should en- 
courage, in the SDG era, a more open-minded 
approach to investigating causes and risks of 
ill health, unconstrained by specific meth- 
ods or disciplines. The ideal response to any 
risk would consider interventions across the 
whole chain of events from primary (up- 
stream) causes to ultimate (downstream) 
effects on health. But assessment of risk is 
typically partial, rarely comprehensive. Thus, 
if a study focuses, for example, on selected 
social determinants of TB (eg., income, 
employment, housing), then the proposed 
solutions will likely address only these deter- 
minants, missing other possible behavioral 
(tobacco smoking), environmental (air pollu- 
tion), medical (HIV coinfec- 
tion), metabolic (diabetes), 
and occupational (mining) ¢ 


risks and, critically, the in- sof ailur eto 


finance and governance mechanisms are 
all needed to deliver services that should 
be affordable, efficient, equitable, ethi- 
cal, measurable, responsive, resilient, sus- 
tainable, and testable. The importance of 
understanding how to instill these proper- 
ties was neglected in the MDG era, even 
though they are a precondition to achiev- 
ing high population coverage of technolo- 
gies including diagnostics, drugs, vaccines, 
and insecticides. Some examples of the op- 
portunities and challenges in strengthen- 
ing health systems are given below. 


Affordable 

Providing full coverage of health services 
while avoiding financial hardship for pa- 
tients is a major test for UHC (6). The first 
international conference on financing in 
the SDG era, held in Addis Ababa in 2015, 
concluded that each country should take 
primary responsibility for its own eco- 
nomic and social develop- 
ment, including measures 
to increase domestic 
public finance for health, 


teractions between them. implement proven principally through pro- 
Furthermore, the failure. ° e gressive taxation that fa- 
to implement proven in- interventions...1s vors the poorest (a task 
terventions (e.g., early di- rarely considered to for HiAP), and decrease 


agnosis and treatment for 
TB) is rarely considered to 
be a “risk factor,’ but could 
be the largest modifiable cause of illness or 
death in any given setting (5). There is not 
yet a standard, comprehensive approach to 
evaluating preventable risks to health. 

The MDGs became the world’s principal 
framework for international cooperation in 
development. Now that the SDGs have inher- 
ited that role, advertising the interlinkages 
between health and all other goals, the de- 
bate about how to improve health is taking 
place not just among health ministers but 
also among heads of state, private businesses, 
nongovernmental organizations, and civil so- 
ciety. That national and international debate 
should be informed by a research agenda 
that is equally broad and actively promoted 
among all players. 


SDGs AS A HEALTH SYSTEM 

A health system, broadly conceived, pro- 
vides essential medical and public health 
services (centered on SDG 3) but also 
links health with agriculture, education, 
employment, energy, environment, fi- 
nance, trade, transport, and urban plan- 
ning (embraced by the other 16 Goals), 
potentially with mutual benefits. Whether 
an intervention affects health directly or 
indirectly, the properties of an effective 
system are the same. A skilled workforce, 
medical technologies, infrastructure, and 
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be a ‘risk factor’... 


reliance on foreign aid 
(7). Given the scale of 
the task—for example, to 
avoid out-of-pocket payments for health 
services that drive more than 100 million 
people into poverty every year—the costs 
are expected to be substantial. By one esti- 
mate, the governments of 67 low- and mid- 
dle-income countries would need to nearly 
triple current spending on health between 
2014 and 2030 (8). 

The immediate financial challenge to 
poorer countries is enormous but, subject 
to evaluation, could bring benefits in the 
long run. One is to reduce dependency on 
unpredictable and earmarked foreign aid, 
thereby stimulating self-sufficiency. An- 
other is the incentive to improve efficiency, 
given limited resources, by streamlining 
financial flows, cutting wasteful spend- 
ing, pooling health revenues to maximize 
options for redistribution, and matching 
funds to priority health services and popu- 
lations. In addition, tackling the causes of 
illness upstream could deliver a double 
benefit: Costs can in principle be shared 
across sectors to achieve compatible objec- 
tives—for example, through joint policies 
on energy use, climate change, air quality, 
and health, while saving on the costs of 
treating illnesses that have been avoided. 
In this domain, the question of how best 
to translate theory into practice is itself a 
topic for research. 
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The age-old adage that prevention is 
better than cure is not yet backed by a 
satisfactory case for investment. One al- 
luring reason to revisit the options for 
prevention is that health risks from avoid- 
able exposures explain a large fraction of 
deaths worldwide (environment >28%, 
behavioral >67%) (9) and yet, according to 
national health accounts, preventive and 
public health services command only 4% 
of around US$8 trillion spent on global 
health annually (J0). The question of how 
much to spend on prevention remains un- 
resolved, in part because investments that 
bring health benefits, but where health is 
not the primary purpose (in other sectors 
such as agriculture, education, and trans- 
port), have not been systematically quanti- 
fied and so remain invisible. 

Studies of disease burden have ranked 
causes of illness and death both in terms 
of health outcomes (ischemic heart dis- 
ease, cerebrovascular disease, lower respi- 
ratory infections) and preventable risks 
(high blood pressure, tobacco smoking, air 
pollution). Which list should be used to set 
priorities for intervention? What economic 
methods are preferred when comparing 
the returns on direct (health sector) and 
indirect (other sectors) investments in 
health, among other desirable outcomes of 
development? 


Equitable 
Inequity is not merely a numerical impedi- 
ment to achieving high levels of service 
coverage, “leaving no one behind,” but 
also denies individuals the right to health 
by compromising their freedoms and en- 
titlements, which are goals in their own 
right. In the 2030 Agenda, goals for health 
and equity stand on common ground, and 
there is mutual support for approaches 
that foster better health among the disad- 
vantaged (SDG 3); gender equality (SDG 5); 
equality within countries in general (SDG 
10); and transparency, accountability, and 
nondiscriminatory laws (SDG 16). Deeper 
investigations of how to exploit these 
linkages could accelerate recent positive 
trends: For example, despite rising income 
inequality within countries, there is grow- 
ing evidence that inequalities in access to 
health services are falling, and they appear 
to be falling more (immunization) or less 
(antenatal care) quickly depending on the 
service provided (17). This points to the re- 
search needed to identify the financial and 
economic determinants of health service 
provision, for poorer or richer members of 
each population. 

Although some of the barriers to health 
care, and therefore ways to overcome 
them, are unique to specific settings, there 
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within or beyond the health sector. 


are some generalities. One is that equity 
and prevention often go hand in hand: For 
example, policies for universal education 
and the reduction of outdoor air pollution 
have widespread benefits for health (72). 


Measurable 
The list of 230 agreed indicators that track 
progress toward the SDGs emphasizes the 
outcomes for development (what is to be 
achieved), rather than the “means of imple- 
mentation” (how it will be achieved). These 
include financing mechanisms; the devel- 
opment and application of technologies; 
capacity building; and global and national 
partnerships, policies, and institutions. 
WHO analysis of a subset of 42 health-re- 
lated indicators across 11 SDGs shows that 
26 measure health outcomes and 12 report 
on the coverage of health services, but only 
four deal with factors and functions that 
contribute to better outcomes (employ- 
ment of health workers, foreign funding 
for research, domestic funding for essen- 
tial health services, and emergency pre- 
paredness) (73). Moreover, the underlying 
causes of ill health, to which interventions 
must respond, are no more than implicit. 
Whether the agreed indicators are 
precisely or appropriately defined, and 
whether they can be serviced by data, have 
been much discussed. But the SDG frame- 
work presents a larger challenge to mea- 
surement and evaluation: Where there is 
no information on the underlying causes 
of illness and death, or on the components 
of the response, it will be harder to ex- 
plain and modify health trends. Although 
the number of SDG indicators is already 
daunting, still more data will be needed, 
at least to resolve selected questions. The 
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Child growth monitoring, such as at this clinic in Kilifi, Kenya, is integral to strategies to promote health, whether 


emphasis on measurement was a success 
of the MDG era; the SDGs have that data- 
analytical heritage to build on. 


Sustainable 

Thirty years ago, the World Commission on 
Environment and Development defined de- 
velopment as sustainable when it “meets the 
needs of the present without compromising 
the ability of future generations to meet their 
own needs” (14). In general, the case for long- 
term investment must counter the disinclina- 
tion to pay now for benefits gained in future, 
which are perceived to have lower value be- 
cause of discounted economic returns on in- 
vestment, or short political time scales. One 
approach, crucial to mitigating the dangers 
of climate change, is to blend strategies that 
have both short- and long-term benefits, such 
as cutting atmospheric pollutants that are 
produced jointly with greenhouse gases (J5). 


Testable 

The case for developing and testing new 
technologies has been abundantly made, but 
given the need to forge new links within and 
across disciplines and sectors, health systems 
research, in the broadest sense, is a poten- 
tial source of new means of prevention and 
treatment. Whereas the efficacy of drugs, vac- 
cines, and diagnostics determined by clinical 
trials is usually applicable in a wide range 
of settings, the “means of implementation” 
commonly depend on local circumstances. 
Finding the best way to implement technolo- 
gies presents a wide variety of research ques- 
tions demanding imaginative study designs: 
to test new legal and financial instruments, 
to explore ways of expanding the health 
workforce beyond the medical profession, to 
create common platforms for health delivery, 
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among many others. Now is the time to pre- 
sent compelling arguments for carrying out 
such studies, as research funding agencies 
become more receptive to supporting multi- 
disciplinary and operational research. 


BETTER SYSTEMS, BETTER HEALTH? 

Critics who have argued that the 2030 
Agenda embraces everything in general and 
nothing in particular are at risk of missing a 
huge opportunity. The SDGs are not merely 
an inventory of new goals and targets, drawn 
up to satisfy every constituency; together, 
they are a stimulus to find new ways of ad- 
vancing health and well-being. The idea of 
improving health systems to achieve UHC is 
at the forefront of SDG 3, but the logic of cre- 
ating better systems for health applies more 
widely, potentially, although not necessar- 
ily, with mutual benefits between the health 
goal and all other goals. The notion that the 
SDGs are “integrated and indivisible” has 
been frequently articulated but the means 
of capturing the benefits have not yet been 
fully exploited, across the spectrum of activi- 
ties from research and development to policy 
and practice. The few examples given here fo- 
cus on questions about the opportunities for 
primary prevention, for achieving health eq- 
uity, for sharing financial investment across 
sectors to reach common goals, and for de- 
vising long-term solutions. Where there are 
answers, action can be taken now. But the 
2030 Agenda is also an expanded agenda for 
systems research. The working hypothesis is 
that better systems can indeed deliver sub- 
stantially better health. = 
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POLAR STUDIES 


he Jokulsarlon lake emerged when the Breidamerkurjokull 
gl arted to recede from the edge of the Atlantic Ocean. 


Before we called it “climate change” 


A researcher collects accounts of scientists’ first inklings that the Arctic was in trouble 


By Sarah Boon 


e often think of the Arctic as a 
cold landscape of sea ice, perma- 
frost, glaciers, and snow. But it’s 
also a canary in a coal mine: It’s 
warming faster than the rest of 
Earth because of positive feedback 
cycles built into its interlinked climate-ice- 
ocean systems. This rapid change 
has global implications, some of 
which we are already seeing, in- 
cluding melting permafrost and 
declining sea ice. That the Arctic 
is changing in response to climate 
change is now common knowl- 
edge, but it wasn’t always so. 

Brave New Arctic, by Arctic 
scientist Mark Serreze, delves 
into the recent history of Arc- 
tic research, following a trail of 
scientific breadcrumbs from the 
late 1970s to the present day to 
show how our understanding of 
the region’s response to climate and cli- 
mate change has evolved over time. 

Early suggestions that something unusual 
might be happening in the Arctic were dis- 
missed due to a lack of data, resulting in the 
dominance of theories that attributed signs 
of warming to regular variability in large- 
scale atmospheric circulation patterns such 
as the Arctic Oscillation (AO) and the North 
Atlantic Oscillation (NAO). In recent years, 
however, data sets were finally long enough 


The reviewer is a freelance science writer and editor 
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“BRAVE 
NEW 


Brave New Arctic 
The Untold Story of 
the Melting North 
Mark C. Serreze 
Princeton University 
Press, 2018. 269 pp. 


(and shocking enough) for researchers to 
dismiss the AO/NAO paradigm and declare 
global warming a key culprit. 

But Serreze doesn’t just describe what we 
now know about the Arctic; he talks about 
how we know it. From modeling studies 
that project future climates to field studies 
that measure permafrost temperature, he 
shows how research changes as technology 
advances (for example, when re- 
mote-sensing tools became avail- 
able to measure the mass balance 
of Arctic glaciers, researchers no 
longer had to use time-consuming 
manual measurements). In doing 
so, he gives readers insight into 
the scientific process. 

For those who call climate re- 
searchers alarmist, Serreze shows 
how cautious they actually were 
in interpreting early study results. 
They hedged their bets by noting 
that seemingly alarming results 
might change once more com- 
prehensive data sets became available. They 
stuck with the AO/NAO paradigm until it no 
longer made sense to do so, resisting the urge 
to implicate climate change in Arctic changes 
when the data showed only short-term vari- 
ability. But they also recognized when the 
data began to clearly show a climate change 
connection: when the NAO and AO regressed 
from their high positive phases but Arctic sea 
ice continued to decline. 

Serreze is obviously an expert on Arc- 
tic science, and he sometimes struggles to 
translate complex scientific concepts into 
plain language. In attempting to describe 
the Arctic Ocean pycnocline, for example, he 
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writes “[T]he warmer water at the top is ... 
the lighter (that is, less dense) water, which 
maintains a stable vertical profile, thus in- 
hibiting vertical mixing. ... the decrease in 
temperature with depth, known as a thermo- 
cline, represents an increase in density with 


cases, the scientific detail he provides isn’t 
required, as in chapter 7, where he describes 
atmospheric dynamics and geostrophic bal- 
ance over the course of two pages. He should 
be summarizing key points here, not intro- 
ducing complicated new concepts. 

Despite these shortcomings, Serreze suc- 
ceeds on one important front: humanizing 
Arctic science. He tells anecdotes about his 
research and the people he’s worked with. He 
portrays scientists whose work he discusses 
as regular people. Although some quoted 
passages are clumsy and jargon-filled (e.g., 
“Bruce Peterson [Woods Hole Marine Biolog- 
ical Laboratory], who was on the ARCSS com- 
mittee, approached me and Larry Hinzman 
[UAF] about organizing a workshop on de- 
signing an integrated study of Arctic hydrol- 
ogy. ... The workshop resulted in the Arctic 
CHAMP report [Community-wide Hydro- 
logic Analysis and Monitoring Program]’”), 


they make decisions about what to research. 

Perhaps most important, Serreze is hum- 
ble enough to recognize the limits of science. 
“(T]he scientific process is prone to human 
frailties, including vanity, envy, competition, 
greed, and narcissism,’ he writes. “Anyone 
who claims that these things don’t exist in 
science is either lying or willfully ignorant.” & 
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depth, known as a pycnocline.” And, in many 


they show how researchers think and how 
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HEALTH AND MEDICINE 


Knowledge, wisdom, 


and the brain 


A neuroscientist’s battle with brain cancer prompts 
a personal reflection on identity and the disease process 


By Adam Hayden 


n The Neuroscientist Who Lost Her 
Mind, Barbara Lipska shares the story 
of her firsthand experience with meta- 
static brain cancer. In doing so, she pro- 
vides readers the opportunity to foster 
a “sense of connection with others who 
suffer” and to combat continued stigmatiz- 
ing of mental illness. Lipska’s evolution as 
scientist, patient, and person explores the 
physiological basis of mental illness, while 
uplifting the importance of personal iden- 
tity. True as it is that “[w]e ave our brains,” 
her story is evidence that rich personal nar- 
ratives offer value to an empirical pursuit of 
neuroscientific investigation. 

Throughout the book, Lipska leverages 
her explicit understanding of the brain’s 
complex connections and the relationships 
between functional areas to weave together 
tactile and real scenes and characters from 
her life. Her project succeeds across a range 
of criteria. She is adept at employing her 
vast technical knowledge as a neuroscien- 
tist, combining discussions of her own basic 
research, conducted at the National Insti- 
tute of Mental Health (NIMH), with human 
research in clinical settings. She also pro- 
vides a rich sensory experience by translat- 
ing her ordeal into experiences the reader 
might feel, taste, and smell. 

The book begins with a description of the 
functional areas of the brain, highlighting 
their responsibilities, tasks, and anatomi- 
cal locations. It does so by referencing the 
reader’s own external anatomical features, 
including the forehead, hairline, and top of 
the skull: visible landmarks set atop hidden, 
complex systems. The neuroanatomical sur- 
vey continues with a description of spatial 
tasks performed by the parietal lobe that 
“tells us where we are in relation to things 
around us, and where our bodies start and 
end.” Passages like these highlight Lipska’s 
ability to fit complicated ideas into modes 
amenable to a lay audience. 

She does well to introduce these systems 
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to make the point that mental illness is “ab- 
normal brain structure and function,’ yet 
she learns that knowledge of the anatomy 
is no replacement for experience. “[I]t is my 
own suffering that truly taught me how the 
brain works,” she ultimately concludes. 
Lipska’s prose soars when narrating her 
experiences, as in a scene in which she de- 
scribes an exam she underwent to trouble- 
shoot a blind spot in her field of vision—an 
early sign of neurological trouble to come. 
To illustrate the division of labor between 
our sensory inputs and the processing of our 
brains, she vividly describes her ophthalmol- 
ogist, “her pretty young face,’ she continues, 
“her glittering earrings almost touching my 


The Neuroscientist 

Who Lost Her Mind 

My Tale of Madness 

and Recovery 

Barbara K. Lipska with 
Elaine McArdle 
Houghton Mifflin Harcourt, 
2018. 208 pp. 


forced to withdraw from the book and give 
pause, before returning, with enthusiasm. 
The eerie similarity between the reader’s ex- 
perience and Lipska’s cannot be overstated. 
Throughout the book, Lipska compares 
her experience to that of her research ani- 
mals. “It’s likely that communication between 
my prefrontal cortex and my hippocampus is 
failing, which is unpleasantly reminiscent 
of the prefrontal cortical connections I dis- 
rupted in rats to study schizophrenia,’ she 
writes at one point. Eventually, she deter- 
mines that her best chance at survival is an 
unproven immunotherapy treatment still in 
the early stages of testing. She has become, 
she notes with irony, “an experimental rat.” 
Her neurological symptoms, we learn, 
were caused by inflammation, a side effect 
of the experimental immunotherapy. Once 


Lipska (center left) skis with family one month after undergoing surgery to remove a tumor from her brain. 


ears and cheeks.” Recalling this mundane 
experience, now cast in a new light, Lipska 
tacitly invites the reader to imagine herself or 
himself in the examination room. 

Lipska’s neurological symptoms were not 
only sensory; her personality changed as well. 
Her assertiveness became more direct, her 
skepticism was more pronounced, and her 
instruction demanded more urgency: traits 
of a scientist, amplified by illness. We, the 
reader, experience her slow departure from 
reality alongside her, never realizing the mo- 
ment her account of events becomes unreli- 
able. While reading one of these scenes in the 
familiar setting of my local coffee shop, I was 


Published by AAAS 


the swelling was treated with steroids, her 
symptoms abated, returning Lipska from 
the brink of madness. With the hope of to- 
tal remission and the anxiety of recurrence, 
she accepted a new label to incorporate into 
her identity: survivor. 

This grappling with identity—and Lipska’s 
gradual acceptance that the sense of self is 
both the outcome of, and the struggle with, 
our own physiology—may be the book’s 
greatest contribution. Through this realiza- 
tion, we may connect with our own suffering 
to more firmly grasp our sense of identity. & 
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LETTERS 


Edited by Jennifer Sills 


Shortfin mako sharks 
threatened by inaction 


Oceanic shark populations are declining 
as a result of high fishing pressure and 
lack of international catch quotas (J, 2). 
There has been management inaction 
for decades partly because species data is 
poorly recorded (1-4). However, despite 
improvements in data quality and models 
underpinning more accurate scientific stock 
assessments (5), regulators are not abid- 
ing by scientists’ advice, as exemplified by 
the lack of action after the recommenda- 
tions made at the November 2017 meeting 
of the International Commission for the 
Conservation of Atlantic Tunas (ICCAT). 

The tunalike shortfin mako shark Jsurus 
oxyrinchus is one of the fastest sharks, 
clocking speeds of up to 70 km/h (6). Yet, it 
is the second-most common oceanic shark 
caught by high-seas longline and net fisher- 
ies, principally for high-value fins (2-4). 
Although grossly underestimated (2), North 
Atlantic reported catches currently exceed 
3300 tons annually—about 130,000 individ- 
uals (5). The 2017 ICCAT stock assessment 
confirmed that the North Atlantic is over- 
fished (5) and recommended reducing the 
annual mako shark catch to 500 tons or less 
to prevent further declines (7). 

ICCAT member nations did not agree 
to a quota to limit North Atlantic mako 
catches. Instead, ICCAT recommended 
(but did not require) a compromise in 
which sharks brought alongside vessels 
alive should be released (8). Research 
[e.g., (2, 3, 9)] indicates that 60 to 80% 
of longline-hooked makos reach vessels 
alive. Accordingly, considering longline- 
only catches for 2016 [3146 tons (7)], let us 
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Shortfin mako shark 
(Isurus oxyrinchus) 


assume that vessels adhere to recommen- 
dations and promptly release all live sharks 
(optimistically, 80% of 3146 tons caught, 

or 2517 tons released). About 30% (755 
tons) are likely to die after release (9). The 
retained catch (20% of 3146 tons, or 629 
tons) added to the sharks that die post- 
release still total about 1400 tons annually, 
nearly three times the upper limit of scien- 
tific advice. 

Action taken so far by ICCAT will not 
halt the decline. Even if total catches 
decrease to 500 tons, probability of stock 
rebuilding by 2040 is only 35%, rising to 
54% for zero catch (5). Thus, recovery will 
be very slow even if prohibition can be 
agreed upon and, importantly, is enforced. 
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Mitigate risk for 
Malaysia's mangroves 


Malaysia is the third largest mangrove- 
holding nation, with 4691 km? of 
mangroves (1), despite the reported losses 
including 278 km? between 2000 and 2014 
(1). Mangrove habitat loss in Malaysia is 
mainly attributed to land conversion for 
agriculture, aquaculture, and urban devel- 
opment (2). Malaysia’s mangroves are also 
affected by severe erosion, aggravated by 
anthropogenic disturbances along with 
the rising sea level (3). The combined 
effect from these disturbances jeopardizes 
the role of mangroves as a functional hab- 
itat that provides vital ecosystem services 
and connectivity and secures the liveli- 
hoods of Malaysia’s coastal communities 
(4). The remaining mangroves are now 
fragmented and are susceptible to further 
disturbances, putting the ecosystems at a 
greater risk of collapsing (5). 

To mitigate the risk, a comprehen- 
sive governance framework for resource 
management and habitat conservation 
should control anthropogenic influences 
(6). An intertidal habitat, mangroves lie 
between terrestrial and marine ecosys- 
tems. Land and natural resources are 
protected by a variety of state by-laws and 
inconsistent implementation and enforce- 
ment of national policies by the states (7). 
Meanwhile, the primary law pertaining 
to Malaysia’s marine biotic resources— 
Fisheries Act 1985—focuses largely on the 
management of fisheries, aquaculture, 
and marine parks and provides no protec- 
tion for intertidal habitats (8). As a result, 
mangroves fall into administrative loop- 
holes; they are partially conserved and 
governed through various federal laws 
and policies, which are being enforced at 
the state level by multiple agencies with 
differing interests and priorities (9). With 
such piecemeal protection efforts, man- 
groves continue to be indirectly disturbed 
or directly exploited regardless of whether 
they are deemed a legally protected site. 

To ensure the sustainability of 
Malaysia’s mangroves, state authori- 
ties—with scientists’ input (J0)—must 
streamline their priorities. Flaws in the 
planning, approval, and project imple- 
mentation processes must be minimized. 
Environmental impact assessments must 
be improved to prevent setbacks such as 
insufficient data and inadequate baseline 
studies, poor reporting by incompetent 
personnel, and the lack of public partici- 
pation in the review process (//). Existing 
laws must be strictly enforced. Given the 
increasing threats from global climate 
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change, and considering mangroves’ out- 
standing ability to efficiently fix and store 
atmospheric carbon (12), Malaysia must 
waste no time in making plans to fully 
conserve all remaining mangroves. 


A. Aldrie Amir 

Institute for Environment and Development 
(LESTARI), Universiti Kebangsaan Malaysia, 43600 
Bangi, Selangor, Malaysia. 
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India’s Ph.D. scholar 
outreach requirement 


As demand increases for scientists and 
researchers to take part in public engage- 
ment and outreach (1-3), the Government 
of India’s Department of Science and 
Technology plans to require Ph.D. scholars 
to write a popular science article on their 
research before completing their degree 
(4). The Department’s National Council of 
Science and Technology Communication 
has launched a related program that will 
select the best entries from such articles 
by Ph.D. scholars and postdoctoral fel- 
lows each year. Winners will receive a 
monetary reward and a certificate of 
appreciation, and their work will be 
published in a mass media outlet (5). 
These ideas are part of the government’s 
larger plan to push science and technol- 
ogy organizations to embrace “scientific 
social responsibility” and to encourage 
scientists to popularize science among the 
public (4, 6, 7). Dialogue with nonspecial- 
ist audiences builds support for science 
and makes clear its relevance in society 
(8). If implemented properly, the proposed 
degree requirement can boost science 
communication while serving as a global 
trendsetter in the field. 

However, this policy will not be effec- 
tive unless appropriate provisions are 
made to train the scholars in science 
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communication and equip them with 
writing skills. Integrating science com- 
munication training into science curricula 
is imperative to nurture a future genera- 
tion of scientists who can explain their 
research to the public (8, 9). During such 
training, Ph.D. scholars should be taught 
to communicate their research with not 
only peers, but the public, the media, and 
other stakeholders. In addition to teach- 
ing scholars to write research papers, 
reports, and grant proposals, courses 
should cover how to translate research 
into accessible language appropriate 

for popular science articles and press 
releases, how to engage with nonscientist 
audiences, how to dejargonize public 
speaking scripts, how to give media 
interviews and handle media queries, and 
how to document (film) their research 
for public consumption. Activities such 

as learning by doing, role playing, and 
real-life engagements can further hone 
writing and communication skills. Efforts 
should also be made to inculcate a sense 
of responsibility and passion for commu- 
nicating research to society among Ph.D. 
scholars. Without such comprehensive 
communication support, the government’s 
plan to improve scientific outreach would 
become just another numeric parameter. 
Abhay S. D. Rajput 

Indian Institute of Tropical Meteorology, Pune, India 


and Department of Humanities and Social Sciences, 
BITS Pilani, Pilani, India. Email: abhaysdr@gmail.com 
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Editor’s Note 


Last week's Working Life (http:// 
scim.ag/instainequality) drew heated 
criticism. We will run a selection of 
reader responses in an upcoming issue. 
Tim Appenzeller, News Editor 
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NEWS 
Too much of a good thing? p. 1346 


Sticker shock p. 1348 


REVIEWS 


Cancer immunotherapy using 
checkpoint blockade p. 1350 


Personalized vaccines for cancer 
immunotherapy p. 1355 


CART cell immunotherapy for 
human cancer p. 1361 


The microbiome in cancer 
immunotherapy: Diagnostic tools 
and therapeutic strategies p. 1366 


The new generation of cancer 
immunotherapies includes ways to 
engineer patients’ own immune cells 
to kill their cancer and patient-specific 
neoantigen vaccines. This image 
alludes to the hope of personalized 
therapy tailored to each patient. 


PUS9USINS s0UaINS//:d11y WO pepeojuMOq 


Published by AAAS 


ILLUSTRATION: DANIEL HERTZBERG 


THE CANCER IMMUNOTHERAPY 


REVOLUTION 


By Priscilla N. Kelly 


ancer immunotherapy—the science of mobilizing 
the immune system to kill cancer—has been pur- 
sued for more than a century. Yet only recently has 
this powerful strategy finally taken center stage 
in mainstream oncology. The past few years have 
seen unprecedented clinical responses, rapid 
drug development, and first-in-kind approvals 
from the U.S. Food and Drug Administration. 
Reports of terminal cancer patients defying the 
odds and achieving complete remissions are accumulat- 
ing. These success stories are the culmination of decades 
of painstaking research by pioneering scientists and phy- 
sicians. Newly approved immunotherapies include drugs 
that can manipulate components of the immune system 
and methods to genetically engineer patients’ own T lym- 
phocytes to recognize and attack their tumors. 
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Researchers are racing to expand the use of immuno- 
therapy to benefit more cancer patients. But it remains 
unclear why only a subset of individuals respond to 
treatment and how to better achieve sustained remis- 
sions. Hundreds of clinical trials are under way to see 
whether improved responses can be attained by combi- 
nation therapy approaches. Unraveling the cellular and 
molecular basis of treatment resistance should facilitate 
rational design of new mechanism-based studies. Ad- 
vances in genome sequencing are identifying predictive 
biomarkers and facilitating the design of personalized 
vaccines that target patient-specific tumor neoantigens. 
These lines of research, along with growing evidence 
that the gut microbiome plays a defining role in im- 
munotherapy response, are charting innovative paths 
toward truly personalized medicine. 
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RY LOT URRY HONW LOM CANCER IMMUNOTHERAPY 


TOO MUCH OFA 


GOOD THING? 


Cancer experts debate whether there’s a glut of immunotherapy trials 


s the growing wave of excitement 
over immunotherapies has swept 
through the cancer field, a con- 
cern has followed in its wake: 
Are there now too many clinical 
trials for these novel treatments, 
which enlist the immune system 
to battle tumors? One recent 
tally found more than 1100 stud- 
ies combining a popular new class called 
checkpoint inhibitor drugs, which unleash 
suppressed immune cells, with other treat- 
ments. That’s up from about 100 trials test- 
ing these combos through 2014. 
Some academic researchers, 
executives, and other cancer 
experts have decried this ex- 
plosion of trials as a counter- 
productive glut motivated more 
by the race for money than by 
good science. They worry that 
many of these efforts may not 
finish because of a lack of par- 
ticipants. Even if these trials do 
meet enrollment targets, many 
duplicate other trials and are di- 
verting resources that could go 
to novel drugs, Richard Pazdur, 
director of the U.S. Food and 
Drug Administration’s (FDA’s) 
Oncology Center of Excellence 
in Silver Spring, Maryland, 
has warned. 
“The trials have to be smarter,” 
says Yale University lung cancer 
researcher Roy Herbst. 
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In a trial at MD Anderson Cancer Center in 
David Wight received two immunotherapy drugs known as checkpoint inhibitors. 


By Jocelyn Kaiser 


One influential patient advocacy group, 
although eager to see preclinical research 
translated into treatments, is also con- 
cerned about the skyrocketing number of 
combination trials. “It’s very exciting to 
have options, but we’re somewhat worried 
that it will take too long to find these pa- 
tients and get answers,” says Ellen Sigal, 
chairperson of Friends of Cancer Research 
in Washington, D.C. 

Some cancer researchers, however, think 
the competition is healthy—and the best 
studies and combos will prevail. “It’s not 
surprising to me that there are more and 
more trials,’ says David Feltquate, head 
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Houston, Texas, bladder cancer patient 


of oncology early clinical development at 
Bristol-Myers Squibb (BMS) in Princeton, 
New Jersey, which markets two check- 
point inhibitor drugs and is developing 
others. “We are in what I would call the 
golden age of oncology drug development.” 
Antoni Ribas, a melanoma immunotherapy 
researcher at the University of California, 
Los Angeles, also sees no reason to worry. 
“T basically disagree with the common no- 
tion that we have too many trials open.” 

Checkpoint inhibitors, which block cell- 
surface proteins that enable a cancer to 
hide from the immune system’s T cells, 
have become big business thanks to the 
impressive medical outcomes 
they sometimes produce. In 
patients with metastatic dis- 
ease, the drugs have wiped out 
tumors for years. Since 2011, 
six checkpoint inhibitors have 
been approved for melanoma, 
lung cancer, and some other 
cancers—all targeting a pro- 
tein called CTLA-4 or PD-1 on 
immune cells or PD-1’s binding 
partner, PD-L1, on cancer cells. 
But only about 20% of patients 
overall respond to these drugs, 
and the race is on to learn 
whether combining them with 
other treatments can push that 
figure higher. 

That excitement and _ the 
commercial potential of check- 
point inhibitors—a year’s 
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course of the approved PD-1 inhibitors sold 
by Merck and BMS costs about $150,000— 
explains the unprecedented growth in tri- 
als. At least 1105 combination studies are 
now testing drugs targeting PD-1 or PD-L1, 
according to the Cancer Research Institute 
(CRD, a nonprofit in New York City, which re- 
ported its findings online in December 2017 
in the Annals of Oncology. That is out of a 
larger universe of 3042 active trials testing 
immunotherapy treatments. The PD-1/PD- 
LI inhibitor combination trials alone started 
in the past 3 years are seeking more than 
138,000 patients, including 52,539 for trials 
launched in 2017. 

Feltquate says BMS, which has about 
225 trials underway globally with its two ap- 
proved checkpoint inhibitors, has not noticed 
a lag in patient recruitment. “If anything, 
enrollment is actually faster than we had 
seen historically.” 

Indeed, it’s hard to find checkpoint inhib- 
itor trials that have been stymied by com- 
petition, partly because the U.S. database 
ClinicalTrials.gov doesn’t include patient ac- 
crual data. But by examining a database of 
National Cancer Institute (NCI)-sponsored 
trials, which posts enrollment data, Science 
identified a few examples of trials that may 
be having trouble recruiting subjects within 
the planned time frame. (NCI-funded trials 
sometimes struggle more than company-led 
efforts because the firms pay more to par- 
ticipating institutions per patient and can 
recruit patients globally.) 

Yet the principal investigators of those 
trials often expressed no concerns about 
patient accrual when contacted. Jonathan 
Schoenfeld of the Dana-Farber Cancer In- 
stitute in Boston, for example, says his trial 
of a checkpoint inhibitor-radiation combo 
for lung cancer initially attracted few pa- 
tients because of competing trials, but is 
picking up steam. 

One leader of an NCI trial at a major 
cancer center did attribute slow enroll- 
ment to competition, but asked that the 
trial details not be identified because its 
funding is coming up for renewal. The trial 
combines a drug that targets a specific flaw 
in the cells of some cancer patients with 
a checkpoint inhibitor. The investigators 
will extensively analyze tumor biopsies to 
see whether the added drug helps T cells 
recognize cancer cells. 

But 16 months after the trial was launched, 
only eight people have enrolled, far fewer 
than the four per month projected. Elad 
Sharon, a senior investigator with NCI’s Can- 
cer Therapy Evaluation Program in Bethesda, 
Maryland, which oversees the trial, blames 
other studies seeking the same small pool of 
patients with the rare cancer type targeted. 
“It’s a little frustrating. A better designed 


SCIENCE sciencemag.org 


trial is getting crowded out by less well- 
designed trials,’ Sharon says. NCI plans to 
make changes to boost enrollment and finish 
the trial, he adds. 

In the worst case, lagging enrollment 
might force investigators to cancel a trial, 
says Richard Schilsky, chief medical officer 
of the American Society of Clinical Oncology 
in Alexandria, Virginia. “If the trials don’t 
complete, there really is a rift of the ethical 
obligation that we have with patients who 
are willing to participate as research sub- 
jects,” he says. 

The rush to test combination thera- 
pies may also have taken a toll on rigor. As 
a cost-saving measure, many trials don’t 
contain control, or comparator, arms, 
Schoenfeld notes. Others are launched de- 
spite a lack of a hypothesis or animal data 
providing a mechanistic rationale, says Ira 
Mellman, Genentech’s vice president for can- 
cer immunology in San Francisco, California. 
“Many seem to be tried simply because they 
are possible to do or the agents are available,” 
he says. 

Even those who lament the proliferation of 
trials note that taming it won’t be easy. FDA 


has no authority to rein in immunotherapy 
trials as long as they pass certain standards. 
“Everybody does the study they want to do 
as long as they can get it funded and get it 
through the system ... there’s no oversight,” 
Schilsky says. 

As a first step, some are calling for better 
coordination. Groups like CRI, the Parker 
Institute for Cancer Immunotherapy set up 
by tech billionaire Sean Parker, NCI, Friends 
of Cancer Research, and FDA are encourag- 
ing companies to share their drugs as part of 
multicenter, innovative clinical trial designs 
that have several treatment arms and a single 
control group. “We cannot do one-off [single 
site] trials anymore. It will take too long and 
will ravage the patient population,” Sigal says. 

And the NCI-managed cancer moonshot 
started by former Vice President Joe Biden 
has launched a 5-year effort in which aca- 
demics and 11 companies are working to- 
gether to find biomarkers revealing why 
some patients respond better to immuno- 
therapies than others do. “There’s no doubt 
we could focus more if people got together 
in a precompetitive way,’ Herbst says. “It is 
happening. We just need more of it.” 


Trial explosion 


More than 1000 clinical trials are combining other cancer treatments with immunotherapy drugs, called 
checkpoint inhibitors, that target the proteins PD-1 or PD-L1 (bottom bars). The number of subjects needed 
for those trials has skyrocketed (below), and some trials may not find enough patients.* 
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hysician Peter Bach is appalled at the sky-high price of cancer treatments in 
the United States, and he is watching new immune therapies drive them higher. 
Checkpoint inhibitors for various solid tumors cost about $150,000 a year, and 
a personalized treatment called chimeric antigen receptor-T cell therapy tops 
out at $475,000. Dozens more immunotherapies are in clinical trials, as com- 
panies race to reap the monetary rewards. In 1995, the cost of cancer drugs for 
an extra year of life was $54,000. Today, it’s about $250,000. 
“This is a chase after riches, and it doesn’t advance science,” says Bach, 
who works at Memorial Sloan Kettering Cancer Center in New York City. For 
the past decade, he has immersed himself in health policy and economics to decipher 
and publicize what's driving these high prices. The details can seem wonkish. Ultimately, 
though, they come down to an ever-more-popular buzzword in cancer care: value. What's 
the best way to calculate a drug's benefit to patients, and how much is society willing 
to pay for an extra month or year of life? There's no agreed-on formula. Does value per 
person drop, and by how much, if a drug has serious side effects? How much more valu- 
able does it become if it’s the only therapy for a particular type of cancer? Bach and his 
colleagues created an online tool called DrugAbacus to help the public and policymakers 
consider these questions (https://drugpricinglab.org/tools/drug-abacus/). 

On a personal level, Bach understands the value of extra time more than most. His wife 
Ruth died of breast cancer in 2012 at 46 years old, leaving behind Bach and their young 
son. Ruth received the best care available, he says, but he recognizes that for many 
others, the most cutting-edge cancer treatments are increasingly out of reach. Science 
spoke with Bach last month. This interview has been edited for brevity and clarity. 


Q: You’re a pulmonary and critical care doctor. 
How did you get into studying drug pricing? 
A: | thought that | should devote my energy 

to trying to address health problems from 
multiple angles. If you're black, you're less 
likely to get surgery that can prevent you from 
dying of cancer; 2.7 million people who have 
[been] diagnosed [with] hepatitis C haven't 
received the treatments that cost pennies to 
make. We had maxed out our science, but we 
weren't maxing out the health of the people 

in front of us. | got a public policy degree. | 
moved to Sloan Kettering and started to study 
the development of cancer care in the U.S. 


Q: And that led you to take a couple years 
off in 2007 to act as a senior adviser 

at the Centers for Medicare & Medicaid 
Services in Washington, D.C. What 

did you take away from that experience? 

A: | realized that the system for drug pricing 
was rigged. It was geared to ensure that drug 
companies in the U.S. could charge anything 
they wanted for cancer drugs. Since | was 
working in the Medicare program, | knew 
about all the breaks on price and [sales] 
volume that existed everywhere else in 
Medicare. For cancer drugs, [there are] no 
breaks. | started to think that the only thing 
we could do about drug prices was to bring 
attention to these problems. Literally the only 
thing we could do to get companies to lower 
drug prices was to embarrass them. We had 
our chance in 2012. 


Q: That was when you helped stop 
Zaltrap, a new drug for colorectal cancer 
made by the company Sanofi, from being 
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offered to patients at Sloan Kettering 
because it cost double the competition 
with apparently no extra benefit. 

How did you make that decision? 

A: We had a discussion with Leonard Saltz 
[chief of gastrointestinal oncology at Sloan 
Kettering]. Zaltrap was about $10,000 a 
month for Medicare patients, [versus] 

about $5000 for Avastin. Studies showed 

1.4 months [of survival benefit] at the median 
[for each drug]. If Zaltrap had had 1.5 months 
and Avastin had had 1.4 months, | don’t think 
we would have done it. We would have been 
concerned that someone would say, “Sloan 
Kettering put a value on human life.” It’s still 

3 days—that could be the day you see your 
daughter get married. It was also seren- 
dipitous that the mechanism of action was 
identical. Sanofi lowered the price by half. 


Q: Given today’s prices, $10,000 a month 
sounds almost quaint to me. Is there 

a tipping point where drugs are simply 

so expensive no one will use them? 

A: No. [But] the understanding that we have to 
pay these price hikes that Europeans don't pay 
is starting to hold more sway. | think we are 
barreling towards a system that makes health 
care a luxury good for the wealthy. Employers 
will literally not be able to afford it, state bud- 
gets won't be able to afford it. That is a policy 
decision we are making. One of my jobs is to 
try and articulate that policy decision, so we 
can take a hard look at it. 


Q: How are you doing that? 


A: |'m proud of the DrugAbacus, launched in 
2015. The abacus is a thought experiment, 
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where people can go and find out what 
drugs should cost. We know what the 
components are—we can measure efficacy, 
toxicity, novelty, rarity. The question is, how 
do you combine them? The abacus walks 
you through. As you change the formula, it 
changes the price of the drug. A lot of our 
energy goes into trying to help policymakers 
and the public [understand] how the system 
actually works, with respect to the levers at 
their disposal. 


Q: Is there a role for doctors here? Should 
they be considering the cost of different 
drugs when they advise their patients? 

A: | worry about the difficulty of physicians 

in a small practice focusing on this, when they 
have other things to focus on. | think this would 
be a regressive feature if we felt doctors were 
rationing. These are policy decisions. And doc- 
tors rarely have the ability to know the prices 
of drugs for their patients. 


Q: Why is it important to conduct 

rigorous studies of cancer drug pricing? 

A: Ideology is a poor guide to public policy. 
The classic pharma argument [is that] we 
need to pay high prices to drive innovation. 
X is prices paid, Y is innovation; their argu- 
ment is you increase X, Y goes up. | think 
we need to know alittle bit about the shape 
of that curve. Is it linear? Does it flatten? | 
published an article in Forbes suggesting it 
eventually turns down. You make it so remu- 
nerative to do copycat [drugs] that you end 
up with less risk-taking behavior. Human 
subjects flow onto trials that aren't asking 
important questions. The average [survival] 
benefit of cancer drugs approved over the 
last 20 years is about 2 months. 


Q: A lot of people just think about what a 
company charges for a drug. But it sounds 
like what a drug company charges is just 

the beginning when we’re adding up costs. 
A: Yes. You hear Pfizer charges $50 for X. The 
amount of money that goes into you getting 
X is more than $50. A wholesaler buys it, 
there’s a markup, then the pharmacy buys 
it, there's a markup. There are inventory 
costs. Your insurer finances it, there's a 
markup. It’s the money that’s really hard 

to track. But it turns out it’s really, really 
important, because it’s half a trillion dollars 
floating around. 


Q: How much power do people like you 
have to change a system that feels stacked 
against them? 

A: |'m in it for the long haul. | really believe 
that data can be compelling, as resistant 

as some of our [society] is to it. My mom 
always said, “You can’t convince the last 
20% of people." 
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Cancer immunotherapy using 
checkpoint blockade 


Antoni Ribas’* and Jedd D. Wolchok”** 


The release of negative regulators of immune activation (immune checkpoints) that 
limit antitumor responses has resulted in unprecedented rates of long-lasting 

tumor responses in patients with a variety of cancers. This can be achieved by antibodies 
blocking the cytotoxic T lymphocyte—associated protein 4 (CTLA-4) or the programmed 
cell death 1 (PD-1) pathway, either alone or in combination. The main premise for 
inducing an immune response is the preexistence of antitumor T cells that were limited 
by specific immune checkpoints. Most patients who have tumor responses maintain 
long-lasting disease control, yet one-third of patients relapse. Mechanisms of acquired 
resistance are currently poorly understood, but evidence points to alterations 

that converge on the antigen presentation and interferon-y signaling pathways. 
New-generation combinatorial therapies may overcome resistance mechanisms to 


immune checkpoint therapy. 


n 2013, Science named cancer immunother- 

apy its Breakthrough of the Year on the basis 

of therapeutic gains being made in two 

fields: chimeric antigen receptor (CAR)- 

modified T cells and immune modulation 
using antibodies that block immune regulatory 
checkpoints. It is critical to note that the appar- 
ent rapid clinical progress reported in the past 
few years was the result of decades of investment 
in basic science in numerous fields. Without 
basic mechanistic knowledge in molecular biology, 
virology, immunology, cell biology, and structural 
biology, clinical advances in cancer immuno- 
therapy never would have been realized. It is also 
important to consider the long history of efforts 
to use the potency of the immune system as a 
therapeutic modality for cancer. The field traces 
its earliest efforts to the observations of William 
Coley, a surgeon who correlated the occurrence 
of postoperative infection with improved clinical 
outcomes in cancer patients. After a series of fits 
and starts throughout the ensuing century, several 
immunotherapeutics were approved for use in 
cancer, including bacillus Calmette-Guerin, inter- 
feron-a, and interleukin-2 (IL-2). The latter is 
particularly important in that it demonstrated, 
for the first time, that advanced metastatic can- 
cer, specifically melanoma and renal cell carci- 
noma, could be durably controlled in a small 
subset of patients by using a cytokine capable of 
expanding T cells. The activity of IL-2 substanti- 
ated the importance of adaptive immunity in 
controlling tumors and provided a solid foun- 
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dation for the incorporation of basic science 
knowledge of T cell regulation into the devel- 
opment of new immunotherapy strategies. 


CTLA-4 as a nonredundant immune 
checkpoint and clinical activity 


A pivotal moment occurred when a protein known 
as cytotoxic T lymphocyte-associated protein 4 
(CTLA-4) was demonstrated to have a potent 
inhibitory role in regulating T cell responses by 
two groups, one led by James Allison and the 
other by Jeffrey Bluestone (1-3). In resting T cells, 
CTLA-4 is an intracellular protein; however, after 
T cell receptor (TCR) engagement and a costimu- 
latory signal through CD28, CTLA-4 translocates 
to the cell surface, where it outcompetes CD28 
for binding to critical costimulatory molecules 
(CD80, CD86) and mediates inhibitory signaling 
into the T cell, resulting in arrest of both prolif- 
eration and activation (Fig. 1) (7). The genera- 
tion of mouse models lacking CTLA-4 provided 
additional support of CTLA-4 as a nonredun- 
dant coinhibitory pathway, as those animals died 
of fulminant lymphocytic infiltration of almost 
all organs (7). While Bluestone went on to apply 
this critical knowledge to control autoimmune 
diseases, Allison theorized that if this molecular 
“brake” could be transiently blocked with an 
antibody, then this might allow for the T cell 
repertoire to proliferate and become activated 
to a higher point than normal physiology would 
allow (J). After initial preclinical proof-of-principle 
studies conclusively showed that checkpoint block- 
ade with a CTLA-4-blocking antibody could lead 
to durable regression of established tumors in 
syngeneic animal models (J, 2), the strategy moved 
toward clinical evaluation. 

Initially, two fully human CTLA-4-blocking 
antibodies (ipilimumab and tremelimumab) en- 
tered clinical trials in patients with advanced 
cancer in 2000 (Fig. 2). It quickly became ap- 
parent that durable tumor regressions could 
occur, although these were relatively infrequent 
and accompanied by a set of mechanism-related 
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toxicities resulting from tissue-specific inflam- 
mation (4, 5). The most common of these toxic- 
ities included enterocolitis, inflammatory hepatitis, 
and dermatitis. Algorithmic use of corticoste- 
roids or other forms of immune suppression readily 
controlled these symptoms without any appar- 
ent loss of antitumor activity (6). However, less 
frequent adverse events also included inflamma- 
tion of the thyroid, pituitary, and adrenal glands, 
with the need for lifelong hormone replacement. 
Clinical activity of CTLA-4 blockade was most 
apparent in patients with advanced metastatic 
melanoma, with a 15% rate of objective radio- 
graphic response that has been durable in some 
patients for >10 years since stopping therapy 
(7, 8). The patterns of clinical response shown by 
radiographic imaging after ipilimumab were some- 
times distinct from those associated with therapies 
that have more direct antiproliferative mecha- 
nisms of action (9). Patients treated with ipilimu- 
mab on occasion showed delayed response after 
initial progression or new tumors appearing and 
then regressing while baseline tumors decreased 
in size. This led to challenges in securing regula- 
tory approval on the basis of the commonly used 
surrogate metrics of objective response rate, or 
progression-free survival. Instead, it necessitated 
assessment of overall survival, a much longer-term 
outcome, as the primary endpoint registration 
trials. Eventually, two large phase 3 trials showed 
that ipilimumab was the first treatment to signif- 
icantly extend survival in metastatic melanoma 
when compared with a peptide vaccine (10) or 
with standard dacarbazine chemotherapy (1D. 
Approval from the U.S. Food and Drug Admin- 
istration (FDA) was granted in 2011. Tremelimu- 
mab is still under investigation in clinical trials, 
and additional CTLA-4-blocking antibodies have 
recently entered clinical trials (NCT02694822). 

Given the relatively low response rate and 
frequent toxicity associated with CTLA-4 blockade, 
identification of predictive and pharmacodynamic 
biomarkers emerged as research priorities. Anal- 
ysis of tumors from patients with or without a 
response to anti-CTLA-4 therapy supports that 
a higher tumor mutational burden is associated 
with higher likelihood of response (72, 13). On- 
treatment increases in peripheral blood absolute 
lymphocyte counts and induction of the inducible 
costimulator ICOS both correlate with eventual 
treatment response (J4). Despite numerous pre- 
clinical mouse studies showing that CTLA-4— 
blocking antibodies with appropriate Fc domains 
could mechanistically deplete regulatory T cells 
(Tyegs) In regressing tumors, data associating this 
with clinical response in humans remain scarce. A 
recently initiated clinical trial (NCT03110307) is 
being used to investigate a version of ipilimumab 
with enhanced depleting capability by means of a 
nonfucosylated Fe domain to test this hypothesis 
further. 


PD-1 as a nonredundant 
immune checkpoint 


The programmed cell death 1 (PD-1) receptor has 
emerged as a dominant negative regulator of anti- 
tumor T cell effector function when engaged by 
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its ligand programmed cell death ligand 1 (PD-L}), 
expressed on the surface of cells within a tumor. 
PD-1 bears its name from its initial description 
as a receptor inducing cell death of an activated 
T cell hybridoma (15). However, further work dem- 
onstrated that it is instead an immune checkpoint, 
with its inhibitory function mediated by the tyro- 
sine phosphatase SHP-2, which dephosphorylates 
signaling molecules downstream of the TCR (16). 
PD-1 has two ligands, PD-L1 (also known as CD274 
or B7-H1), which is broadly expressed by many so- 
matic cells mainly upon exposure to proinflamma- 
tory cytokines (6), and PD-L2 (also known as CD273 
or B7-DC), which has more restricted expression 
in antigen-presenting cells (16). Inflammation- 
induced PD-L1 expression in the tumor micro- 
environment results in PD-1-mediated T cell 
exhaustion, inhibiting the antitumor cytotoxic 
T cell response (16-18) (Figs. 1 and 3). 
Antitumor T cells repeatedly recognize cog- 
nate tumor antigen as the cancer advances from 


Lymph node 


T cell 


TCR} = CD28 
@ 
MHC }} B7 


Signal 1 Signal 2 


Dendritic 
cell 


Fig. 1. Blockade of CTLA-4 and of PD-1 and PD-L1 to induce antitumor responses. (Left) CTLA-4 is a negative regulator of 
costimulation that is required for initial activation of an antitum 
tumor antigen, which is presented by an antigen-presenting cel 
antibodies. (Right) Once the T cells are activated, they circulate throughout the body to find their cognate antigen presented 
by cancer cells. Upon recognition, the triggering of the TCR leads to the expression of the negative regulatory receptor 

PD-1, and the production of IFN-y results in the reactive expression of PD-L1, turning off the antitumor T cell responses. 


This negative interaction can be blocked by anti- 


primary to metastatic lesions over time. Trigger- 
ing of the TCR results in the production of pro- 
inflammatory cytokines, including interferon-y 
(IFN-y), which is the strongest stimulator of 
reactive PD-L1 expression (16, 19). Chronic ex- 
posure of T cells to cognate antigen results in 
reactive PD-L1 expression by target cells, and 
continuous PD-1 signaling in T cells induces an 
epigenetic program of T cell exhaustion (20, 21). 
Several other interactions in the PD-1 pathway 
have a less clear functional meaning. PD-L1 has 
been shown to bind the costimulatory molecule 
CD80 (B71) expressed on T cells, delivering an 
inhibitory signal (76). Repulsive guidance mole- 
cule b (RGMb) binds to PD-L2, but not PD-L1, and 
seems to be relevant for pulmonary tolerance (16). 

PD-1 is therefore a negative regulator of pre- 
existing immune responses, which becomes rele- 
vant to cancer because its blockade results in 
preferential stimulation of antitumor T cells (Fig. 3). 
The restricted effect of PD-1 is highlighted by the 
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limited phenotype of PD-1-deficient mice com- 
pared to that of CTLA-4-deficient mice, as the 
former are mostly devoid of autoimmune diseases 
unless these are induced by other means (J6). 
Consequently, PD-1-pathway blockade has a more 
specific effect on antitumor T cells, perhaps because 
of their chronically stimulated state, resulting in 
increased therapeutic activity and more limited 
toxicity compared to CTLA-4: blockade (22, 23). 


Clinical effects of PD-1— and 
PD-L1—blockade therapies 


The underlying biology and durable response 
rates in patients with multiple types of cancer 
indicate that therapeutic blockade of the PD-1 
pathway is arguably one of the most important 
advances in the history of cancer treatment. 
There are currently five anti-PD-1 or anti-PD- 
LI antibodies approved by the FDA in 11 cancer 
indications (Table 1 and Fig. 2). The first evi- 
dence of the antitumor activity of PD-1 blockade 


Tumor 


Via bloodstream 


Cancer cell 


PD-1 or anti-PD-L1 antibodies. 


was with the fully human monoclonal antibody 
nivolumab (previously known as MDX-1106/ 
BMS936558). Nivolumab was first administered 
toa patient in October 2006 in a phase 1 single- 
infusion dose-escalation trial and represents 
the first instance of PD-1 blockade in humans 
(Fig. 2). Among the 16 initial patients who re- 
ceived nivolumab every 2 weeks, six (37.5%) had 
objective tumor responses, including patients 
with melanoma, renal cell carcinoma, and non- 
small cell lung cancer (NSCLC) (24). The no- 
table early evidence of antitumor activity in this 
phase 1 trial was accompanied by limited tox- 
icity, although the rare development of pneu- 
monitis was an indicator of occasional serious 
toxicities (24, 25). The presentation of the phase 
1 data with nivolumab triggered rapid acceler- 
ation of clinical trial plans with this and other 
anti-PD-1 and anti-PD-L1 antibodies (Fig. 2). 
The anti-PD-1 antibody pembrolizumab en- 
tered clinical testing in April 2011. With the 
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Avelumab, 
Durvalumab) 


or T cell in a lymph node upon recognition of its specific 
. The activation of CTLA-4 can be blocked with anti-CTLA-4 


encouraging clinical data from nivolumab, 
pembrolizumab’s clinical development focused 
on patients with metastatic melanoma and 
NSCLC, resulting in the largest phase 1 trial ever 
conducted in oncology, eventually enrolling 
1235 patients (26, 27). 

The first FDA approvals of PD-1-blocking anti- 
bodies were through accelerated and break- 
through filing pathways, with pembrolizumab 
and nivolumab approved for the treatment of 
patients with refractory melanoma in 2014 
and, in 2015, for patients with advanced NSCLC 
(Fig. 2). The first anti-PD-L1 antibody approved 
was atezolizumab for urothelial cancers in 2016, 
followed by avelumab for Merkel cell carcinoma in 
2017 (Fig. 2). This class of agents was the first to 
be granted FDA approval on the basis of a genetic 
characteristic as opposed to the site of origin of the 
cancer, with the approval of pembrolizumab and 
nivolumab for the treatment of microsatellite- 
unstable cancers of any origin in 2017 (28). This 
rapid drug development and 
broad range of approvals are 
based on a series of charac- 
teristics of the clinical activity 
of PD-1 pathway-blocking anti- 
bodies and are outlined below. 

Antitumor activity of PD- 
1-pathway blockade has been 
observed in a subset of pa- 
tients within a broad range 
of cancers, particularly in 
carcinogen-induced cancers 
or cancers driven by viral 
infections (Table 1). The high- 
est antitumor activities of 
single-agent PD-1-blockade 
therapy are in Hodgkin’s lym- 
phoma, in which there is con- 
stitutive expression of PD-L1 
through a common amplifica- 
tion of the PD-Ll-encoding 
locus together with PD-L2 
and Janus kinase 2 (JAK2) 
(termed PDJ amplicon) 
(29); the virally induced 
Merkel cell carcinoma of the skin (30); micro- 
satellite-instability cancers with high mutational 
load from mismatch-repair deficiency, leading to 
a high frequency of insertions and/or deletions 
(indels) (28); and desmoplastic melanoma, a 
rare subtype of melanoma that has a very high 
mutational load arising from chronic ultraviolet 
light-induced point mutations (31). In these 
cases, response rates are now 50 to 90%. A 
second group of cancers with relatively high 
response rates are carcinogen-induced cancers, 
such as the more common variants of melanoma 
arising from intermittently exposed skin, where 
upfront response rates are presently in the range 
of 35 to 40%, and a series of cancers associated 
with the carcinogenic effects of cigarette smok- 
ing, such as NSCLC and head and neck, gastro- 
esophageal, and bladder and urothelial cancers, 
with response rates in the range of 15 to 25% 
(26, 32-34). The other two approvals of single- 
agent anti-PD-1 therapies are in hepatocellular 
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carcinoma, with its known relationship to hepa- 
titis virus infection (35), and renal cell carcinoma 
(36), which has a low single-nucleotide muta- 
tional load but a higher frequency of indels than 
other common cancers, resulting in increased 
immunogenicity (37). 

Once an objective tumor response has been 
achieved, most remain durable. As opposed to 
targeted oncogene therapies, in which most tu- 
mor responses last until the cancer develops a 
way to reactivate the pathway or alternate onco- 
gene signaling to bypass the blocked oncogene, 
in cancer immunotherapies, the rate of relapse 
is lower. It was hoped that immunotherapy could 
induce long-lasting responses, because of the 
ability of T cells to maintain memory to their 
target, and a polyclonal response that the cancer 
should have trouble escaping. However, primary 
refractoriness and acquired resistance after a 
period of response are major problems with 
checkpoint blockade therapy [reviewed in (38)]. 

Single-agent PD-1-pathway blockade has a 
relatively favorable toxicity profile, with toxicities 
requiring medical intervention (grades 3 to 4) 
in the range of 10 to 15% in most series 
(22, 26, 27, 33, 39). Most patients treated with 
single-agent anti-PD-1 or anti-PD-L1 antibodies 
have no toxicities above what would be expected 
from placebo, and treatment-related deaths are 
very uncommon. Very few patients (~5%) dis- 
continue therapy because of toxicities. The most 
common treatment-related adverse events of any 
grade are fatigue, diarrhea, rash, and pruritus in 


15 to 20% of patients (22, 26, 27, 33, 39). Ina 
smaller percentage of patients, toxicities are more 
serious and include several endocrinopathies, in 
which the immune system infiltrates a hormone- 
producing gland, leading to permanent dysfunction 
that requires lifelong substitutive hormonal ther- 
apy, such as thyroid disorders (10 to 15%), hypo- 
physitis, adrenal gland disorders (1 to 3%), and 
type 1 diabetes (1%). Serious visceral organ in- 
flammatory toxicities are uncommon (~1%) but can 
affect any organ, including the brain (encephalop- 
athy), meninges (meningitis), lung (pneumonitis), 
heart (myocarditis), gastrointestinal tract (esopha- 
gitis, colitis), liver (hepatitis), and kidney (nephritis), 
in addition to muscles (myositis) and joints (arthri- 
tis). These can be life-threatening. The cornerstone 
of treatment for clinically relevant toxicities with 
both PD-1- and CTLA-4-blockade therapies is im- 
mune suppressive therapy, with high doses of cor- 
ticosteroids, and sometimes tumor necrosis factor 
antagonists (which are counter-indicated in patients 
with hepatitis) and mycophenolate mofetil (6). 


Mechanisms of response and resistance 
to single-agent PD-1 therapy 


Most of the data support a model in which pa- 
tients respond to single-agent anti-PD-1 or anti- 
PD-L1 therapy because of a preexisting antitumor 
T cell response. Such a response retains therapeutic 
potential until the infiltrating T cells engage their 
TCR through recognition of a tumor antigen, 
triggering expression of PD-1 on T cells and re- 
lease of IFN-y, resulting in reactive expression of 


PD-L1 by cancer-resident cells (16-18, 31, 40, 41) 
(Fig. 3). This process, termed adaptive immune 
resistance, occurs when tumor cells disarm spe- 
cific T cells through PD-LI expression (/7, 18). It 
results in a specific state of immune privilege 
that does not require a systemic immune defi- 
ciency and is reversible simply by blocking the 
PD-1-PD-L1 interaction (41) (Fig. 3). 

The first step in this mechanism is the differ- 
ential recognition of cancer cells from normal cells 
by the immune system, in a situation in which the 
cancer cells had autovaccinated the patient to 
induce a specific T cell response. The most com- 
mon mechanism for this differential recognition 
is related to the increased mutational load in 
cancers (41, 42). However, not all mutations seem 
to have the necessary qualities to give rise to robust 
targets of an antitumor immune response. Muta- 
tions that appear in the founder cancer cell and 
are carried on by most of the progeny cells (clonal 
mutations) are favorable, whereas mutations that 
appear later in the course of the cancer and may 
vary among different cancer cells (subclonal mu- 
tations) are not sensitive to PD-1 blockade (43). 
The processing and presentation by major histo- 
compatibility complex (MHC) molecules of neo- 
epitopes that result from mutations further shapes 
the landscape of neoantigens recognized by anti- 
tumor T cells (44, 45). 

The most common reason why a cancer would 
not have preexisting T cell infiltration is likely a 
state of low immunogenicity resulting from a lack 
of mutations that become recognized neoantigens 


Table 1. Major indications approved for the use of anti-PD-1 and anti-PD-L1 therapies and the suspected mechanism of action of the antitumor response. 


Group Indication Objective response rate (%) Agents approved* Main driver of response 
ivol b 
High response rate Hodgkin's disease 87 Lee itt PDJ amplicon 
etc fee eater tree ate RR rc ee tenie tree nant Retr ete eee eee Phone ae oneee areal a scstenpe laren en ot aenetouecdnnvenonci 
nivolumab 
Desmoplastic melanoma 70 e Mutations from chronic sun exposure 
TE RR? Sco TO eae ETT GRC at ate Oakcrest ae Te dod ate raee a ne heen a UanerereR meer, PeMMbEONZUCMAD ey arena net tae) hey Cunt kane lle ah on 
| b 
Merkel cell 56 ae mane Merkel cell virus 
EEE SURE E WELNMLE Me cna cern Pt oh Oar 00M Si ida WE bee ht rend ned ene SAT Ta Petrol ZIT A eee ete lee esirahi tees Re cane te err 
nivolumab 
MSI-h cancers Ss : Mutations from mismatch-repair deficiency 
Se rc oe rt se re ART ers eon Fr red De Roce ee En Ee eee PIMP OIZ CIT AL A atdirenctet cea lON het i Mant eurianant wt tam 
; : nivolumab F : : 
Intermediate response rate Skin melanoma 35 to 40 : Mutations from intermittent sun exposure 
Se ee eccentric ec eeu eee pet cr ceecrce acre sore ee acon nadie dlonds Gata po ccanvsolieessalee tien: 
atezolizumab 
NSCLC 20 nivolumab Mutations from cigarette smoking 
Weise teih ees pt Het oo NEPA alec ene a at Oecd eee ae ENO me ere UNSCEAR Sree PEMBFONZ URAL See aenedirnt se tanevea oem ne ineaune sy renee 
nivolumab 
Head and neck 15 - By Mutations from cigarette smoking 
pembrolizumab 
atezolizumab 
avelumab 
Bladder and urinary tract 15 durvalumab Mutations from cigarette smoking 
nivolumab 
NGF eA enn TU eek TPIT Ta ar RR Et ei ERO eee tere Ee caus ealeoraeovur dscuntou ce sautebucsban dures 
nivolumab 
Renal cell carcinoma 2s Insertions and deletions (indels) 


pembrolizumab 


*In alphabetical order 
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(42), or an active means of T cell exclusion (38). 
Certain cancer phenotypes resulting from expres- 
sion of specific transcriptomic programs may 
contribute to the lack of T cell recognition, such 
as expression of genes of the Wnt pathway (46) 
or a series of partially overlapping gene sets that 
are related to stemness, mesenchymal transition, 
and wound healing, collectively termed IPRES (for 
innate anti-PD-1 resistance) because they are en- 
riched in biopsies of patients with melanoma that 
does not respond to anti-PD-1 therapy (47). It is 
also possible that antitumor T cells are impaired 
by earlier checkpoints, such as CTLA-4, or immune 
suppressive cells in the tumor microenvironment, 
such as myeloid lineage cells or Tyg, (38). 

The expression of PD-L1 by cells within a 
cancer was explored as a biomarker to identify 
patients who may be more likely to respond to 
PD-1-blockade therapies (25, 26, 48). PD-L1 is 
most frequently expressed reactively upon T cell 
infiltration and sensing of IFN-y production, in 
which case it could be considered a “canary in a 
coal mine,” where its presence is a surrogate for 
a preexisting T cell response (Fig. 3). In this 
setting, colocalization of PD-L1, PD-1, and CD8* 
T cells in an area of the tumor termed the inva- 
sive margin is associated with response to PD-1 
blockade (31, 49). PD-L1 can also be expressed 
constitutively through a series of processes, and 
it is currently unclear if the mere presence of 
PD-L1 without detecting a T cell infiltrate is a 
favorable or detrimental event for PD-1-blockade 
therapy. Therefore, tumors that may be strongly 


Ipilimumab 
© (June 2000 ) 
Nivolumab 
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© First patient dosed 
@ First FDA approvals 
for indication 
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positive for PD-L1, but do not contain a preexisting 
cytotoxic CD8* T cell response, would be unlikely 
to respond to therapy. The notable exception is 
Hodgkin’s lymphoma, in which the Reed-Stenberg 
cells have the PDJ amplicon, resulting in consti- 
tutive PD-LI expression (29). Of note, this is a 
cancer that is notorious for both a reactive T cell 
infiltrate mostly composed of CD4 T helper cells 
and Reed-Stenberg cells that are frequently de- 
ficient in B -microglobulin (B2M), the required 
subunit for surface expression of MHC class I (50). 
These facts are at odds with the notion that PD-1- 
blockade therapy mainly reactivates preexisting 
intratumoral MHC class I-restricted CD8* T cells. 

Once a tumor is immunogenic enough to trigger 
a specific T cell response, the cancer cells may 
undergo a series of genetic and nongenetic pro- 
cesses to avoid being eliminated by the immune 
system, termed cancer immunoediting (57). Can- 
cer immunoediting may result in the loss of 
mutations that are most immunogenic or the 
mutation or decreased expression of genes in- 
volved in the antigen-presentation pathway. Any 
of these events would be expected to result in 
primary resistance to PD-1 blockade or lead to 
acquired resistance, if they developed during 
therapy. Strong immune selective pressure can 
lead to a shaping of the mutational landscape of 
cancer (44, 45, 52), specific deletion of human 
leukocyte antigen (HLA) class I alleles that pu- 
tatively present strong neoantigens (45), or loss 
of B.M (53-55). Genetic immunoediting events 
that can be found at baseline, and, in particular, 


@ Melanoma 


homozygous loss-of-function mutations in the 
gene encoding BoM, have been reported to be 
associated with both primary and acquired re- 
sistance to PD-1 blockade (53-55). 

The process that leads to the reactive expres- 
sion of PD-L1 upon T cell attack of cancer is 
mediated by IFN-y pathway signaling (16, 19, 21) 
(Fig. 3). If the cancer cell is unable to sense IFN-y 
and signal through the pathway, then PD-L1 will 
not be reactively expressed. In this setting, it could 
be futile to give antibodies blocking the PD-1- 
PD-L1 interaction (19, 21, 56). Within the IFN-y 
receptor pathway, the bottleneck for signaling 
seems to be JAK1 and JAK2, as absence of either 
one results in complete lack of signaling (19, 27). 
Homozygous loss-of-function mutations in the 
JAKI1/2 genes are rare baseline events but are 
more frequent than would be expected random- 
ly, suggesting an active immunoediting process 
to delete them (2/, 57). In the setting of fully 
inactivating JAKI/2 mutations, patients do not 
respond to anti-PD-1 therapy (21, 57). Mutating 
JAKI/2 provides an advantage to the cancer cells, 
as it limits favorable effects of IFN-y, such as 
increased expression of antigen-presenting ma- 
chinery molecules, production of chemokines 
that potently attract other T cells to that area and 
amplify the immune response, or avoiding the 
direct antiproliferative effects of interferon (56). 
In some cases of acquired resistance to anti- 
PD-1 therapy, homozygous loss of JAK1 or JAK2 
has been documented (54, 57). These are rare 
genetic events that could explain a minority of cases 
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Fig. 2. Timing of clinical development of anti-CTLA-4, anti-PD-1, and anti-PD-L1 antibodies, from first administration to humans to FDA approval. 
Thus far, there has been drug regulatory approval for six antibodies that block immune checkpoints and a combination of two immune checkpoint-blocking 
antibodies. The gray shading represents the period of clinical development for each of these antibodies, from the dosing of the first patient until 

regulatory approval (red circles) in different indications. HNC, head and neck cancer; RCC, renal cell carcinoma; MSI-h, high microsatellite instability; HD, 
Hodgkin's disease; HCC, hepatocellular carcinoma; GEJ, gastroesophageal junction. 
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Fig. 3. Mechanism of action of PD-1-— 
blockade therapy. (Left) TCR recognition of 
the cognate antigen presented by MHC 
molecules on the surface of cancer cells results 
in T cell activation. T cells then produce IFN-y 
and other cytokines. Cancer cells and other 
cells in the tumor microenvironment have IFN-y 
receptors (IFN-yR) that signal through JAK1/2, 
which phosphorylate (P) and activate signal 
transducers and activators of transcription 
(STAT) proteins that dimerize and turn on a 
series of interferon-response genes, including 
interferon regulatory factor 1 (IRF-1), which 
binds to the promoter of PD-L1, leading to its 
surface expression. The reactive expression of 
PD-L1 turns off the T cells that are trying to 
attack the tumor, and these T cells remain in 
the margin of the cancer. (Right) Blockade of 
the PD-1—PD-L1 interaction with therapeutic 
antibodies results in T cell proliferation and 
infiltration into the tumor, inducing a cytotoxic 
T cell response that leads to an objective 
tumor response. 


with primary or acquired resistance to PD-1 block- 
ade, and they highlight the ability to mechanis- 
tically understand these processes. This body of 
data suggests that molecular mechanisms of re- 
sistance to anti-PD-1 therapy converge in alter- 
ations in the antigen-presentation machinery 
and the IFN-y receptor pathway, an observation 
recently confirmed in unbiased CRISPR-Cas9 
screens in preclinical models (58, 59). 

The current understanding of response and 
resistance to PD-1-blockade therapy suggests that 
there cannot be a single biomarker to select pa- 
tients. Therefore, selection of patients who are 
highly likely to respond to single-agent anti- 
PD-1 therapy (as opposed to being exposed to the 
greater toxicity and expense of combined ther- 
apy) would require a combination of studies in 
baseline tumor biopsies with sufficient tissue to 
include: (i) DNA analyses for tumor mutational 
load and absence of deleterious mutations in 
key immune signaling pathways, (ii) RNA analy- 
ses to detect the presence or absence of IFN-y 
signaling and a favorable tumor phenotype, and 
(iii) morphological analyses documenting the colo- 
calization of CD8* T cells expressing PD-1 and 
interacting with reactively expressed PD-L1 in 
the tumor microenvironment. However, such ex- 
tensive testing is currently not done routinely and 
in a timely enough manner to inform therapeutic 
decisions in patients with advanced cancer. 


Combination CTLA-4 and 
PD-1-blockade therapy 


In December 2009, the first patient was treated 
with combination checkpoint blockade by using 
ipilimumab to block CTLA-4 and concurrent 
nivolumab to block PD-1 (Fig. 2). This was designed 
on the basis of the nonredundant coinhibitory 
roles of the two pathways, after preclinical studies 
showed evidence of synergy in syngeneic mouse 
models (60). Further, the distinct immune micro- 
environments in which CTLA-4 and PD-1-pathway 
blockade could act provided an additional mech- 
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Cancer cells sense they are 
under attack from T cells by 
recognizing IFN-y, which 
leads to the reactive 
expression of PD-L1. 


Cancer cell (or tumor macrophage) 


anistic rationale (Fig. 1). CTLA-4 is mainly asso- 
ciated with affecting inhibitory cross-talk in the 
draining lymph node. Although PD-1 blockade 
may also have activity in that immunologic space, 
the presence of PD-L1 on tumor and immune cells 
in the immediate tumor microenvironment pro- 
vides an additional anatomic venue for activity 
(Fig. 1). Most recently, by using mass cytometry 
(or CyTOF), the Allison lab has shown that CTLA-4 
and PD-1 blockade results in distinct phenotypic 
signatures in T cell subsets (67). The initial phase 
1 dose-ranging trial of ipilimumab plus nivolumab 
was conducted in patients with metastatic mel- 
anoma and demonstrated a >50% objective re- 
sponse rate in the dose level that was chosen to 
move to phase 2 and 3 trials (60). Importantly, 
this was associated with a higher frequency of 
high-grade immune-related toxicities (up to 
60%) in comparison to data from monotherapy 
trials. Phase 2 and 3 studies of the combination 
of ipilimumab plus nivolumab confirmed a re- 
sponse rate of approximately 60%, and the 
most recent analysis showed that patients 
initially randomized to the combination had a 
slightly higher 3-year survival than patients 
initially receiving nivolumab alone (58 versus 
52%), yet with higher frequency of toxicity (23). 
Initial attempts to identify which patients re- 
quire the combination have focused on tumor 
expression of PD-L1 and do suggest that pa- 
tients with tumors that have little or no PD-L1 
expression (<1% of tumor cells with surface 
staining) have improved survival with combi- 
nation therapy compared to that with nivolumab 
alone. Ongoing trials are examining an adaptive 
dosing regimen with early assessment for re- 
sponse in an attempt to minimize the dosage of the 
combination and reduce toxicity (NCT03122522). 


Other combination therapies 
and conclusions 


Immune checkpoint-blocking antibodies are ac- 
tively being investigated in combination with 
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an ever-widening spectrum of agents. Although 
the goal of such investigations—to increase the 
number of patients who may benefit from this 
type of therapy—is laudable, the sometimes em- 
piric manner of how agents are brought together 
is leading to an unrealistic number of trials and 
expected volunteers, making it unlikely that all 
hypotheses will be robustly answered. Yet, there 
are some combination strategies that are in late- 
stage development and are mechanism based. 
The description of cellular and molecular mech- 
anisms of primary and acquired resistance to 
checkpoint blockade therapy allows for design- 
ing combination immunotherapy approaches 
to overcome these resistance mechanisms. In 
the setting of low preexisting levels of T cells in 
the tumor, besides the combination of anti- 
CTLA-4 and anti-PD-1 therapies, other poten- 
tial approaches include changing the tumor 
microenvironment by direct injection of inter- 
feron-inducing molecules such as toll-like re- 
ceptor agonists or oncolytic viruses, blocking 
T cell-excluding proteins like indoleamine 2,3- 
dioxygenase or arginase, or inhibiting immune 
suppressive cells like T,.., or macrophages [re- 
viewed in (60)]. Furthermore, other modes of 
cancer therapy, such as radiotherapy, chemo- 
therapy, or oncogene-targeted therapies, have been 
shown to change the immune suppressive tumor 
microenvironment and potentially synergize 
with immune checkpoint blockade therapy [Tre- 
viewed in (60)]. Building on recent success in 
this field is important, but continuing to incor- 
porate the emerging knowledge from mecha- 
nistic basic-science studies is critical to achieve 
greater therapeutic success. 
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Personalized vaccines for 
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Cancer is characterized by an accumulation of genetic alterations. Somatic mutations can 
generate cancer-specific neoepitopes that are recognized by autologous T cells as foreign and 
constitute ideal cancer vaccine targets. Every tumor has its own unique composition of 
mutations, with only a small fraction shared between patients. Technological advances in 
genomics, data science, and cancer immunotherapy now enable the rapid mapping of the 
mutations within a genome, rational selection of vaccine targets, and on-demand production of 
a therapy customized to a patient’s individual tumor. First-in-human clinical trials of 
personalized cancer vaccines have shown the feasibility, safety, and immunotherapeutic activity 
of targeting individual tumor mutation signatures. With vaccination development being 
promoted by emerging innovations of the digital age, vaccinating a patient with individual tumor 
mutations may become the first truly personalized treatment for cancer. 


river mutations promote the oncogenic 
process, whereas passenger mutations have 
long been considered as functionally irrel- 
evant (7). Both types of mutations, how- 
ever, can alter the sequence of proteins 
and create new epitopes, which are processed 
and presented on major histocompatibility com- 
plex (MHC) molecules. The sequence-altered pro- 
teins are termed “neoantigens,” and their mutated 
epitopes that are recognized by T cells are called 
“neoepitopes” (2). Neoepitopes are absent from 
normal tissues and new to a given individual's im- 
mune system. In 1916, Ernest Tyzzer, who intro- 
duced the term “somatic mutation,” recognized 
their role in the “acquisition of new immuno- 
genic characteristics” by cancer cells (3). The idea 
of taking advantage of their “foreignness” and using 
mutations as targets against cancer has attracted 
generations of scientists. How to realize a specific 
targeting of cancer, however, has remained obscure 
since its proposal by Paul Ehrlich in 1909 (4). 

In the 1950s, studies to understand why mice 
with syngeneic carcinogen-induced tumors are 
protected from rechallenge with the same cancer 
cells led to the concept of adaptive tumor immu- 
nity (5). In the 1970s, tumor-derived T cell clones 
were shown to recognize human tumor cell lines 
and were identified as cellular correlates of adapt- 
ive immunity. The molecular nature of tumor anti- 
gens remained unknown until cloning techniques 
were introduced in the late 1980s (6). Screening of 
patient tumor-derived expression libraries with 
autologous tumor-reactive CD4* or CD8* T cells 
revealed two categories of spontaneously recog- 
nized T cell antigens: (i) nonmutated proteins 
with tumor-associated expression and (ii) mutated 
gene products (7). An oncogenic loss-of-function 
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mutation of cyclin-dependent kinase 4 (CDK4) was 
the first example of the latter category in humans (8). 
However, the vast majority of discovered mu- 
tated antigens were unique to individual pa- 
tients, and a viable concept for exploiting “personal” 
targets for therapy could not be envisaged. There- 
fore, in the 1990s and 2000s, nonmutated tumor 
antigens shared by patients were favored for 
cancer vaccine development, yet outcomes 
were disappointing. Technological and scientific 
breakthroughs brought somatic mutations back 
into focus. Next-generation sequencing (NGS) 
allows rapid sequencing of genomes at low cost. 
Together with dedicated bioinformatics tools, 
NGS enables comprehensive mapping of all mu- 
tations in a cancer (collectively called the “muta- 
nome”) and prediction of MHC molecule-binding 
neoepitopes. Neoepitope-specific T cells have been 
shown to be associated with durable clinical 
responses mediated by immune checkpoint block- 
ade and adoptive transfer of autologous tumor- 
infiltrating lymphocytes (TILs) (9, 10). Mutational 
burden, tumor immune cell infiltration, and sur- 
vival correlate across various cancer types (11, 12). 
Collectively, these findings strongly indicate that 
immune recognition of neoepitopes is clinically 
meaningful. However, profiling of individual cancer 
patients revealed spontaneous immune responses 
against only a small fraction of their mutations 
(<1%) (13), casting doubt on the immunogenicity 
of mutations per se. This led to the presumption 
that only tumors with a high mutational load, and 
accordingly a higher diversity of spontaneously 
occurring cancer-reactive T cell specificities, may 
qualify for neoantigen-based immunotherapy. 


Preclinical studies and clinical translation 
of personalized mutanome vaccines 


Whether the examples of mutated tumor rejec- 
tion antigens were rare cases of incidental im- 
munogenicity, or were the tip of the iceberg, 
remained unclear until systematic studies in syn- 
geneic mouse models provided deeper insights. To 
address which portion of a mutation induced a 
neoepitope-specific immune response, our lab- 
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oratory vaccinated mice with long peptides or 
antigen-encoding RNA, representing 50 mutations 
identified by NGS in their syngeneic tumor; a 
considerable fraction of the mutations were im- 
munogenic and mediated tumor rejection (74, 15). 
Notably, the vast majority of neoepitopes, ac- 
counting for 20 to 25% of the randomly selected 
mutations, were recognized by CD4* T helper 
cells. Vaccination with these neoepitopes resulted 
in growth control of advanced mouse tumors. 
Most cancers are constitutively MHC class II- 
negative, and recognition by CD4* T cells requires 
uptake and presentation of released tumor an- 
tigens by dendritic cells (DCs) in the tumor micro- 
environment or draining lymph node. As this 
mechanism should work most efficiently for highly 
expressed antigens, MHC class II binding predic- 
tion and expression thresholds of the mutated allele 
were combined to enrich for immune-dominant 
MHC class II neoepitopes. Mice were vaccinated 
with a computationally designed synthetic mRNA 
incorporating multiple predicted MHC class II 
neoepitopes. The mice experienced complete re- 
jection of established tumors associated with strong 
CD4" T cell responses and a CD8* T cell response 
against an epitope not represented in the vaccine, 
indicating antigen spread (15). 

In a concurrent study, the feasibility of using 
NGS and MHC class I prediction to identify MHC 
class I-restricted tumor rejection antigens was 
shown in a highly immunogenic mouse sarcoma 
model (/6). The antitumor effect of checkpoint block- 
ade in this model was mediated by neoepitope- 
specific CD8* T cells and was fully reproducible 
by vaccination with long synthetic peptides rep- 
resenting an identified neoepitope (77). Another 
study systematically tested protective antitumor 
activity of mutated 9-amino acid oligomer (9-mer) 
peptides in mice. The difference in predicted affinity 
for a given wild-type/mutant peptide pair, and the 
predicted conformational stability of MHC class 
I peptide interaction, were both found to posi- 
tively correlate with the likelihood of the mu- 
tated peptide to be recognized by CD8* cytotoxic 
T lymphocytes (CTLs) (78). A combination of mass 
spectrometry and exome sequencing was shown 
to enrich for immune-dominant MHC class I neo- 
antigens in mouse models (19). 

Clinical translation from syngeneic mice to 
humans who have “one-of-a-kind” cancers is more 
complex because it requires personalization of the 
process, including identification of mutations, 
prediction of potential neoepitopes, and design 
and manufacture of the vaccine (Fig. 1). This was 
recently accomplished by three first-in-human 
studies in malignant melanoma patients (20-22). 
In one trial, three melanoma patients received 
autologous DCs loaded ex vivo with seven syn- 
thetic 9-mer peptides representing individual 
mutations of each patient predicted to bind to the 
frequent class I haplotype HLA-A2 (20). Vaccine- 
induced CD8* T cell immune responses with con- 
firmed specificity for the respective immunogen 
were detected against 9 of the 21 peptides. How- 
ever, recognition of autologous melanoma cells 
was not assessed, and the relevance of the vaccine 
responses remained unclear. Two subsequently 
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Fig. 1. Customizing a patient-specific cancer vaccine. Patient tumor biopsies and healthy tissue (e.g., peripheral blood white blood cells) are subjected 
to next-generation sequencing. By comparing the sequences obtained from tumor and normal DNA, tumor-specific nonsynonymous single-nucleotide 
variations or short indels in protein-coding genes are identified. A computational pipeline is used to examine the mutant peptide regions for binding to the 
patient’s HLA alleles (based on predicted affinity) and other features of the mutated protein deemed relevant for prioritization of potential vaccine 
targets. These data can facilitate selection of multiple mutations to design unique neoepitope vaccines that are manufactured under GMP conditions. 


reported clinical trials in resected stage III-IV mela- 
noma patients exploited the broader potential of 
the concept irrespective of the HLA haplotype. In 
one trial, six patients were vaccinated subcuta- 
neously with long peptides representing up to 
20 mutations per patient coadministered with 
adjuvants (27). In the second trial, 13 patients 
were injected with RNA encoding 10 of their 
individual mutations as 27-mers (22). Thus, induc- 
tion of T cell responses in both studies required 
processing and presentation of neoepitopes by the 
patient’s antigen-presenting cells. Both studies 
showed a high overall immunogenicity rate of 
60%, as demonstrated by analyzing T cell responses 
against the individual mutations in interferon-y 
(IFN-y) secretion assays. Each patient developed 
strong T cell reactivity against several of their tu- 
mor mutations. Preexisting T cells were expanded; 
moreover, the majority of vaccine-induced T cell 
responses in both studies were newly primed 
and not detectable before vaccination. 

In accordance with the preclinical findings, 
the majority of neoepitopes induced functional 
CD4* T helper 1 (Ty1) cells, both in the RNA trial 
(which combined MHC class I and class II pre- 
diction for neoepitope selection) and in the pep- 
tide trial (which relied on MHC class I binding 
prediction only). Neoepitope-specific CD8* T cell 
responses were detected against 25% versus 16% 
of the mutations in the RNA or the peptide vac- 
cine, respectively. In most cases, the identified 
minimal epitopes recognized by these CD8* T 
cells showed a strong predicted binding affinity, 
supporting the usefulness of this criterion for 
neoepitope prioritization. In the RNA trial, multi- 
ple CD8* responses were of high magnitude, allow- 
ing detectability without prior expansion. A number 
of neoepitopes were also concurrently recognized by 
both CD4* and CD8* T cells, the meaning of 
which is currently unclear. Both trials showed 
recognition of autologous tumor cell lines for 
selected vaccine-induced immune responses. In 
two RNA-vaccinated patients, there was evidence 
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of CTL infiltration and tumor cell killing with 
neoepitope-specific T cells. 

Despite the small cohort sizes, these studies 
provide intriguing evidence for clinical activity of 
the vaccine alone and in combination with sub- 
sequently administered checkpoint inhibitors. In 
the RNA trial, vaccination significantly reduced 
the cumulative number of disease recurrences 
in the 13 high-risk melanoma patients, translating 
to a long progression-free survival. Eight of the 
patients did not have radiographically detectable 
lesions at study entry and remained recurrence- 
free for the entire follow-up period. In five patients 
with progressing disease at entry, there were two 
objective responses attributable to the vaccine 


“..@ personalized mutanome 
vaccine has the potential 

to become a universally 
applicable therapy 
irrespective of cancer type.” 


alone (one complete, one partial response), one 
mixed response, and one stable disease. One pa- 
tient discontinued vaccination because of fast 
progression and had a rapid complete remission 
after subsequent checkpoint blockade therapy. 
In the peptide trial, four of six vaccinated patients 
remained recurrence-free for the full follow-up 
period, while two developed progressive disease 
and achieved complete tumor regression after 
subsequent anti-PD-1 treatment. 


Using neoantigens to stimulate 
tumor immunity 


Whereas clinical oncology has relied on targeting 
oncogenic pathways for decades, lessons learned 
in recent years by studying immunotherapy- 
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mediated durable clinical responses have indicated 
that mobilization of the host’s immune system 
represents a powerful therapeutic modality. In 
cancer patients, the complex interactions be- 
tween immune system and tumor are considered 
dysfunctional. A key principle of rational immu- 
notherapy is to restore this process, known as the 
cancer immunity cycle (23, 24), and to expand 
and broaden the CTL response against cancer 
cells (Fig. 2). For many years, tumor rejection 
has mainly been attributed to cytotoxic CD8* T 
cells, and vaccine approaches have relied on 
potential MHC class I epitopes. There is a growing 
body of data, however, indicating that neoantigen- 
specific CD4* T cells contribute critically to the 
effectiveness of cancer immunotherapy (25). As 
the cancer mutanome turned out to provide an 
exceptionally rich source for potent MHC class IT 
neoepitopes, mutanome vaccines have potential 
for mobilizing the broad repertoire of Ty] CD4* 
T cells (15). 

Whereas the primary mode of action of CD8* 
effectors is cytotoxic killing of cells presenting 
their cognate antigen (26), CD4” effectors have a 
wider range of functions, including orchestration 
of various cell types of the adaptive and innate 
immune system (27). CD4* T cells are gatekeepers 
for the induction of effective CD8* T cells. Ty1 
CD4* T cells in different compartments activate 
DCs presenting antigens released from tumor 
cells through cognate CD40 ligand/CD40 recep- 
tor interaction. DCs then undergo maturation, 
produce interleukin-12 and chemoattractants, and 
up-regulate costimulatory molecules. These events 
are characteristically linked to the generation of 
sustained CTL responses to tumor antigens, which 
are released by tumor cell death and cross- 
presented. Multi-neoepitope vaccines have been 
shown to concurrently mobilize neoantigen-specific 
CDs" as well as CD4" T cells, and by furnishing 
collaborative synergy they may actuate a non- 
performing cancer immunity cycle at several key 
points (Fig. 2): In the priming phase of the vaccine 
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response in the lymphatic compartment, effec- 
tive licensing of DCs by Ty] cells can robustly 
induce potent neoepitope-specific CTLs with 
improved ability to infiltrate into the tumor 
and can generate long-lived memory CD8*" T cells 
(28). In the tumor, vaccine-induced Ty1 CD4* 
T cells may promote an inflammatory micro- 
environment by acting on various immune cell 
types (15, 29). IFN-y, the key cytokine of Ty1 
cells, up-regulates MHC class I on tumor cells 
to improve killing by CD8* effectors. Concurrent- 
ly, by inducing MHC class II expression, IFN-y 
sensitizes tumor cells for recognition and direct 
killing by cytotoxic Tj1 CD4"* effectors. Overall, 
by promoting tumor cell death and neoantigen 
release for uptake by DCs in combination with 
an immunogenic microenvironment, CD4* T cells 
may crank up consecutive cycles of T cell priming, 
expansion, and antigen spread, thus broadening 
the antitumor T cell repertoire. 


Mutation discovery, neoepitope 
prediction, and selection of target 
antigens for vaccine design 


One of the critical challenges for personalized 
cancer vaccines is to accurately map the cancer 
mutanome, so as to select the most suitable mu- 
tations for optimal immune responses. Mutations 
are detected by comparing exome sequencing 
data generated by NGS from tumor tissue and a 
matched healthy tissue sample (e.g., the patient’s 
blood cells), thereby preventing the incorrect 
classification of germline variants as neoepitopes. 
NGS analysis is being continuously improved, and 
clinical application requires standard operating 
procedures that ensure data reproducibility, qual- 
ity control, and privacy. Current protocols allow 
efficient nucleic acid extraction in NGS-grade 
quality from fresh, frozen, and formalin-fixed 
paraffin-embedded tissues. Typically, these analy- 
ses rely on a small biopsy from a single tumor 
lesion collected for routine diagnostics, and thus 
sequence data may not be representative of the 
tumor’s full clonal spectrum. Another concern to 
be addressed is erroneous mutation determina- 
tion. Standardized algorithms to sensitively deter- 
mine true mutations in individual NGS data sets 
work well for single-nucleotide variations (SNVs). 
SNVs are the most abundant type of tumor mu- 
tations, and if they occur in an expressed protein 
and are nonsynonymous, they can give rise to 
T cell-recognized neoepitopes. Other mutation 
types of potential relevance are gene fusions or 
small insertions and deletions (indels) that can 
lead to highly immunogenic frameshifts (30). 
Besides these well-defined mutation classes, less 
characterized cancer-associated epigenetic, tran- 
scriptional, translational, or posttranslational aber- 
rations may generate neoepitopes and expand 
the discovery space for vaccine targets consider- 
ably (31). Their cancer specificity and usability as 
neoantigens are difficult to assess with existing 
technologies and are currently under investigation. 

The processing and presentation of antigens is 
a complex, multistep process following stochastic 
principles in which protease cleavage products of 
thousands of proteins compete for binding into 
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Fig. 2. Neoepitope vaccines promote a functional cancer immunity cycle. The goal of cancer 
immunotherapy is to ensure self-propagating revolution of the dysregulated cancer immunity 

cycle through its various steps (24). Vaccine-induced neoepitope-specific CD4* T,41 cells may intersect 
at discrete rate-limiting steps considered as potentially difficult to overcome. These include the 
promotion of T cell priming and expansion, proinflammatory reshaping of the tumor microenvironment, 
and recruitment of CD4* T cells for direct killing of tumor cells. By concomitantly inducing CD8* and 
CD4* T cell responses, multi-neoepitope vaccines may contribute to tipping the balance from tolerance 
toward productive immunity against tumor cells, rendering the cancer immunity cycle functional. 


pockets of MHC molecules. Only a portion of 
mutated sequences are presented on MHC at 
levels sufficient to trigger an effective T cell re- 
sponse. Technical feasibility and costs limit the 
number of mutations that can be incorporated 
into a drug product. Selecting the mutations 
with the highest likelihood of immunogenicity 
and therapeutic relevance is critical for designing 
personalized vaccines. So far, there is no consen- 
sus on how to prioritize mutations in this regard. 
The minimum requirements are (i) expression of 
the mutated gene in the tumor, and (ii) its ca- 
pability of producing a sequence-altered epitope 
presented on one of the patient’s MHCs. NetMHC 
and IEDB consensus methods are most frequently 
used to estimate MHC binding and enrich for 
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neoepitopes recognized by CD8* T cells [reviewed 
in (32)]. The stability of the MHC-peptide complex 
is considered a better predictor for immunoge- 
nicity than MHC binding affinity alone. However, 
the currently available prediction algorithms for 
MHC-peptide stability cover only a few MHC al- 
leles and rely on small data sets. Only a fraction 
of mutant peptides predicted as high-affinity 
binders to human MHC class I alleles are natu- 
rally presented MHC class I ligands. Presentation 
on MHC class I is affected by the transcription 
level of the mutated gene. Generally, in mamma- 
lian cells, the gene expression level, the amount 
of translated protein, the cell surface density of 
MHC ligands derived from it, immune recogni- 
tion, and lysis of the respective cell are all positively 
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correlated (33). Consequently, high expression can 
to some extent compensate for weak MHC class I 
binding and vice versa (34), which suggests that 
neoantigen prioritization can be achieved by com- 
bining predicted MHC class I binding and the 
expression level of the mutation. Expression levels 
can be mined from NGS data via the number of 
mRNA sequencing reads containing the muta- 
tion. However, not every mutant MHC class I 
ligand (that is presented) is immunogenic. Even 
so, the current class I prediction algorithms seem 
to enrich sufficiently for processed, strongly im- 
munogenic CTL neoepitopes (2, 22). 

Accurate prediction of ligands binding to MHC 
class II is challenging. MHC II binds denatured 
proteins or large peptides that are subsequently 
trimmed, whereas MHC I relies on pre-generated, 
sized peptides. Because the binding groove of 
MHC II molecules is open at both ends, the 
length and binding register of peptides are less 
defined and thus less predictable. On the other 
hand, this may be one of the reasons for higher 
abundance of MHC class II binding epitopes 
relative to MHC class I binding epitopes, and 
may explain why MHC class II binding predic- 
tion efficiently enriches for immunogenic neo- 
antigens. Depending on the affinity prediction 
cutoff, 70%, 45%, or 34% of mutations selected 
for a HLA class II binding score of <1, 1 to 10, or 
>10, respectively, induced neoepitope-specific 
CD4* T cell responses (22). 


One concept currently being explored to en- 
rich for tumor rejection-mediating neoantigens 
is to target mutations that are expressed across 
all clones within a heterogeneous tumor. This is 
expected to reduce the likelihood of outgrowth of 
antigen-negative clones and is supported by the 
observation that advanced non-small cell lung 
cancer and melanoma patients with tumors en- 
riched for clonal neoantigens respond better to 
checkpoint blockade (35). An alternative expla- 
nation may be that subclonal antigens have oc- 
curred later in a tumor’s life cycle, or under 
conditions of potent immunosuppression, which 
are less likely to generate immunity. This again 
would be better addressed by a vaccine combin- 
ing mutations of various subclones and capable 
of de novo priming of immune responses. In- 
clusion of mutated driver genes critical for pro- 
liferation, survival, or metastasis of tumor cells 
into a multi-neoantigen vaccine may further 
mitigate immune editing of tumors. A caveat is 
that functional validation and authentication as 
a driver gene is not trivial. 

In patients treated with immune checkpoint 
inhibitors, the composition of the gut micro- 
biome affects the efficacy of cancer immuno- 
therapy (36-38). A detailed discussion of the 
gut microbiome and immunotherapy is provided 
in arecent review (39). One explanation may be a 
direct effect of the microbiome on antitumor 
immunity—for example, T cell modulation by 


tertiary bile acids produced by specific micro- 
bial communities, or induction of inflamma- 
tion by pattern recognition receptor signaling. 
Another explanation is molecular mimicry be- 
tween microbial and cancer neoantigens. An 
interesting idea in this regard is that neoantigens 
sharing structural features with microbial anti- 
gens are more likely immune-dominant and 
recognized by the T cell receptor (TCR) repertoire 
evolutionarily optimized for the detection of 
pathogen-derived epitopes. Shared epitope-string 
patterns in neoantigens of patients responding 
to anti-CTLA~4 checkpoint blockade were hypothe- 
sized (11) but not confirmed in two meta-analyses 
in larger patient cohorts (40). Recent studies 
introduced a composite neoantigen quality model, 
which confers a clinically relevant stronger im- 
munogenicity to neoantigens with (i) sequence 
homology with pathogen-derived peptides and 
(ii) stronger predicted HLA binding affinity of the 
neoepitope relative to its wild type (differential 
neoepitope presentation). When this “neoantigen 
quality” model was applied to cancer mutanome 
data from pancreatic cancer, lung cancer, and mel- 
anoma patient cohorts, it was capable of discrim- 
inating long- and short-term survivors (41, 42). 


Manufacturing and clinical application 
of personalized mutanome vaccines 


A critical challenge for clinical application of per- 
sonalized vaccines is the fast manufacturing 


Table 1. Current vaccine formats explored for delivery of neoepitopes. 
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Higher costs and resources required for adoptive cell therapy approaches 
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and timely delivery of the individually tailored 
vaccine. The turnaround time for vaccine produc- 
tion depends on the vaccine format, which is also 
critical for the magnitude and quality of the in- 
duced immune response. Formats under consid- 
eration for personalized vaccines are long peptides, 
RNA, DNA plasmids, viral vectors, engineered bacte- 
ria, and antigen-loaded DCs (Table 1). The re- 
cently reported fully personalized clinical trials 
used either a mixture of peptides (15 to 30 amino 
acids in length) corresponding to the mutated 
sequences with poly-ICLC (carboxymethylcel- 
lulose, polyinosinic-polycytidylic acid, and poly-t- 
lysine double-stranded RNA) as adjuvant, or mRNA 
with intrinsic adjuvant activity and encoding a 
strand of multiple predicted neoepitopes. The 
overall timeline for good manufacturing prac- 
tice (GMP)-compliant on-demand production, 
from the start of processing of the patient’s sample 
for mutation discovery to vaccine release for ad- 
ministration, was about 3 to 4 months. Patients 
were treated with other standard or experimen- 
tal compounds until their personal vaccine had 
been produced. For both peptide and mRNA 
vaccine platforms, reduction of lead times to less 
than 4 weeks is expected. 

Another challenge is to define the most suit- 
able clinical setting for mutanome vaccination. 
A therapeutic vaccine most likely works partic- 
ularly well in the adjuvant or minimal residual 
disease settings, where tumor load is low and 
immune-suppressive mechanisms are not firmly 
established. Efficient control of a larger tumor 
load may require combination immunotherapies. 
Neoepitope vaccination can turn “cold” tumors 
into “hot” ones and mediate up-regulation of PD- 
L] in the tumor microenvironment. Thus, it may 
extend application of anti-PD-1/PD-L1 therapies 
to patients without preexisting T cell response. 
This is particularly attractive for patients with a 
lower tumor mutational burden, who are less 
likely to have endogenous immunity to be un- 
leashed by anti-PD-1/PD-L1 treatment. In addi- 
tion, neoepitope vaccine-primed T,1* and CD8* 
memory T cells may enhance durability of anti- 
PD-1/PD-L1-mediated effects by promoting robust 
memory responses. Clinical trials NCT02897765 
and NCT03289962, evaluating PD-1/PD-L1 block- 
ade in combination with neoepitope vaccination, 
are currently recruiting patients. Similarly, inhibi- 
tion of factors such as CTLA4, LAG-3, TIM-3, IDO, 
or TGF-f, as well as stimulation of costimulatory 
molecules (e.g., 0X40, GITR, CD137) and addition 
of T cell-agonistic cytokines, were preclinically 
shown to synergize with cancer vaccines. With 
regard to escape mechanisms, the risk of out- 
growth of neoantigen loss variants can be miti- 
gated by the multi-neoepitope-targeting nature 
of personalized mutanome vaccines. In contrast, 
selection of clones with defects in the antigen 
processing and presentation machinery (e.g., 
HLA or B.-microglobulin loss) is likely to occur 
(22, 43, 44). This risk again can be addressed by 
combining mutanome vaccines with compounds 
that do not depend on intact MHC class I presen- 
tation. These could be, for example, bispecific T 
cell engagers or antibodies against cancer cell 
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Fig. 3. Personalized cancer medicine. Left: Conventional stratified medicine matches a patient to an 
existing off-the-shelf drug using biomarker assays. Right: As opposed to a preformed drug, mutanome 
vaccination is a patient-specific therapy that targets cancer mutations per se, irrespective of their 
primary sequence. Thus, mutanome vaccines may qualify as universal and tailorable therapy from which 


each cancer patient may benefit. 


surface targets, which are capable of Fc-mediated 
activation of natural killer cells or of complement. 


The broader impact of realizing 
personalized mutanome vaccines 


Mutanome vaccines may become the first ther- 
apeutic modality to truly realize personalized 
treatment of cancer. In the era dominated by the 
“one-size-fits-all” paradigm, stratified treatment 
has been considered a synonym for personalized 
medicine. However, this is not strictly the case. 
Stratified therapies identify patients carrying a 
defined biomarker (generally a shared cancer- 
driving genetic aberration) and subject them to a 
treatment targeting this biomarker. Unfortunately, 
such therapeutically targetable biomarkers are 
not available for most cancer types and are re- 
stricted to patient subsets. Thus, each stratified 
drug excludes the majority of patients who do 
not harbor the respective aberration (Fig. 3). In 
contrast, true patient-specific therapy should be 
achievable by neoantigen vaccination. The large 
repertoire of individual driver and passenger 
mutations (irrespective of their functional rele- 
vance) can be leveraged, and all patients with a 
sufficient frequency of cancer mutations could 
be offered their tailored and targeted treatment. 

The number of somatic mutations in tumors 
ranges from less than 10 to several thousand, and 
they are largely unique for every patient. This is 
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not the only dimension of heterogeneity (Fig. 4). 
A delicate interplay between the tumor and a set 
of host and environmental factors (e.g., HLA 
haplotype and other genetic polymorphisms, the 
microbiome, age, comorbidity, the immune cell 
repertoire, the composition of the tumor micro- 
environment), which define the immunologi- 
cal status (“cancer-immune set point”), shapes 
each individual cancer (23) (Fig. 4). Personalized 
mutanome vaccines hold promise to address 
tumor heterogeneity, which accounts for the 
failure of conventional anticancer treatments. A 
patient’s vaccine composition can be directed 
against various clones because of its ability to 
target multiple epitopes within a tumor and can 
be adjusted upon tumor changes. 


Concluding thoughts 


Personalized cancer vaccines have moved beyond 
the first critical hurdle of clinical translation. 
Challenges remaining on the path forward include 
identifying the most suitable clinical settings, re- 
ducing production turnaround time, upscaling 
manufacturing, and ensuring affordability. New 
trends and technologies of the digital age, such 
as big data science, cloud and high-performance 
computing, and digitalized manufacturing solu- 
tions, are expected to add momentum. Predictive 
neoepitope algorithms will continue to improve by 
applying machine learning tools to big data sets. 


5 of 6 


810z ‘zz youe UO /Gi0 Bewsouel0s’80ua!0S//:d}]4y WO} pepeojuMOGg 


CREDITS (GRAPHIC) K. SUTLIFF/SCIENCE 


Tumor heterogeneity Immune system 
Mutation and neoantigen profile, HLA restriction and 
epigenetics, biology and evolution Tumor environment immune SNPs @ 
Immunosuppression © © 
Clonal —_—____» @ 
evolution © © 
al 
Recognition and editing @ @ 


>< 


Immune 
diversity 


Somatic mutations 


Individual patient 


Hereditary and environmental factors 


Specificity, quantity, 


and functional state 
Zz of immune effectors 


Host and 
environment 
Factors include HLA 
haplotype, microbiome, 
epigenome, age, antigen 
exposure, drugs, and 
comorbidities. 


Fig. 4. The interconnected dimensions of cancer heterogeneity. The interaction between cancer and 
immune system is shaped by various host, tumor and environmental factors. The complex interplay of 
these sources of interpatient heterogeneity affects both the course of disease and the efficacy of 


immunotherapy, and calls for personalized approaches. 


Higher-resolution analysis of tumors, the micro- 
environment, and immunity is becoming feasi- 
ble by TCR repertoire analysis, high-throughput 
single-cell sequencing, and circulating tumor DNA 
detection. Computational inference of the pheno- 
type and functional status of infiltrating cells 
from transcriptome data may support the selec- 
tion of combination treatments. Lastly, insights 
into immunotherapy success or failure are expected 
to increase the spectrum of biomarkers for vac- 
cine design and combination treatment. It is well 
worth the effort, as mutations constitute critical 
promoters of the oncogenic process and treat- 
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ment failure and are the common denomina- 
tor across all cancers. Therefore, a personalized 
mutanome vaccine has the potential to become a 
universally applicable therapy irrespective of can- 
cer type. 
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REVIEW 


CAR T cell immunotherapy 
for human cancer 


Carl H. June,””** Roddy S. O’Connor,”? Omkar U. Kawalekar,* 
Saba Ghassemi,” Michael C. Milone’* 


Adoptive T cell transfer (ACT) is a new area of transfusion medicine involving the infusion 
of lymphocytes to mediate antitumor, antiviral, or anti-inflammatory effects. The field has 
rapidly advanced from a promising form of immuno-oncology in preclinical models to the 
recent commercial approvals of chimeric antigen receptor (CAR) T cells to treat leukemia 
and lymphoma. This Review describes opportunities and challenges for entering mainstream 
oncology that presently face the CAR T field, with a focus on the challenges that have emerged 


over the past several years. 


y applying sophisticated ex vivo culture and 
cellular engineering approaches to adop- 
tive T cell transfer (ACT), durable clinical 
responses of otherwise treatment-refractory 
cancers have recently been achieved, reveal- 
ing the power and potential of ACT. On the basis 
of dramatic results, autologous T cells engineered 
to express a chimeric antigen receptor (CAR) spe- 
cific for the CD19 B lymphocyte molecule have 
recently been approved by the U.S. Food and Drug 
Administration (FDA) for treatment of refractory 
pre-B cell acute lymphoblastic leukemia and dif- 
fuse large B cell lymphoma. In this Review, we 
focus on (i) the prospects for universal CAR T cells, 
(ii) the use of CAR T cell therapy for solid tumors, 
and (iii) emerging disparities in the use and com- 
mercialization of CAR T cell therapy. 

Three forms of ACT are being developed for 
cancer therapy; these include tumor-infiltrating 
lymphocytes (TILs), T cell receptor (TCR) T cells, 
and CAR T cells. TILs have been shown to induce 
durable complete responses in patients with meta- 
static melanoma in a variety of clinical trials. The 
rationale for TIL therapy has been strengthened 
by recent data demonstrating that TILs can target 
neoantigens in melanoma (J); the status of TIL 
therapy is further discussed in (2). Similarly, gene 
transfer technology has been applied to periph- 
eral blood T lymphocytes to generate cells with 


transgenic TCRs or CARs. A number of pharma- 
ceutical and biotechnology companies are now 
commercializing these various forms of ACT (3). 


Genetically engineered T cells: TCR 
versus CAR T cell immunotherapy 


TCRs consist of an a- and a B-chain noncova- 
lently associated with the CD3 complex on the 
T cell surface (Fig. 1). Activation of T cells occurs 
when the TCR recognizes peptides noncovalently 
bound to major histocompatibility complex (MHC) 
on the surface of antigen-presenting cells or tumor 
cells. The first TCR T cell cancer immunotherapy 
used in the clinic was tested against metastatic 
melanoma and utilized a TCR that bound a hu- 
man lymphocyte antigen A2 (HLA-A2)-restricted 
peptide from a melanocytic differentiation antigen 
(4). Subsequently, a higher-avidity TCR targeting 
the MART-1 (melanoma antigen recognized by T 
cells 1) epitope was developed, with the aim of 
achieving enhanced recognition of malignant 
cells with lower MART-1 expression. Although an 
improved response rate was demonstrated, it came 
with a cost of also targeting normal melanocytes 
in the skin, eye, and cochlea (5). Such on-target, 
off-tumor toxicity occurred in more than half of 
the treated patients, providing the first clues that 
the line between efficacy and toxicity when tar- 
geting shared antigens may be thin. The onset of 


———————— as 
Table 1. Characteristics of CAR- and TCR-engineered T cells. 


CAR T cells 


Signal amplification from synthetic biology: 
200 targets can trigger CAR T cells (57) 


CAR targets surface structures: 
proteins, glycans 


TCR Tcells 


Sensitive signal amplification derived by 
evolution of the TCR 


Requires MHC class | expression and HLA 
matching on tumor 


Cytokine release syndrome more severe 
than with TCR-based therapy 
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Serial killers of tumor cells (60) 


Off-tumor toxicity difficult to predict (7) 
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fatal neurotoxicity and cardiotoxicity associated 
with two separate TCR-based therapies directed 
to the cancer-testis antigen MAGE-A3 further 
highlighted the challenge (6, 7). However, target- 
ing the cancer-testis antigen NY-ESO-1 with T cells 
expressing an affinity-enhanced TCR specific for 
an HLA-A2-restricted peptide produced evidence 
of clinical efficacy without appreciable toxicity. 
These observations raised hope that the thera- 
peutic window may not be so narrow for all 
shared antigenic targets (8); engineered NY- 
ESO-1 T cells are now under evaluation in a late- 
stage clinical trial (NCT01343043, clinicaltrials. 
gov). Efforts to develop TCR T cell therapies with 
TCRs specific to particular tumor neoantigens 
would likely be safer than targeting shared 
antigens (3); however, this has not been tested 
clinically. 

A CAR combines antigen-binding domains— 
most commonly, a single-chain variable fragment 
(scFv) derived from the variable domains of anti- 
bodies with the signaling domains of the TCRc 
chain and additional costimulatory domains from 
receptors such as CD28, OX40, and CD137 (Fig. 1). 
CARs overcome some limitations of engineered 
TCRs, such as the need for MHC expression, 
MHC identity, and costimulation. Groups led 
by Kuwana and Eshhar first showed that these 
types of synthetic receptor molecules enabled MHC- 
independent target recognition by T cells (9, 10). 
The independence of CAR recognition from MHC 
restriction endows the CAR T cell with a funda- 
mental antitumor advantage, because a major 
mechanism of immunoevasion by cancer is loss 
of MHC-associated antigen presentation by tumor 
cells (17). One limitation of current CAR T cell 
strategies is that they require extracellular surface 
targets on the tumor cells. The characteristics of 
CAR and TCR T cells are compared in Table 1. 


B cell malignancies: Unexpected 
success with CAR T cells 


The results from the initial clinical trials using 
first-generation CAR designs in patients with 
various cancers were disappointing. However, 
in 2011, second-generation CAR T cells target- 
ing CD19 and encoding costimulatory domains 
emerged as the lead paradigm for engineered T 
cell therapies in cancer (12-15). Several features 
make CD19 a nearly ideal target. It displays frequent 
and high-level expression in B cell malignancies, 
it is required for normal B cell development in 
humans (/6), and it is not expressed outside of 
the B cell lineage. Patients successfully treated 
with CD19 CARs often have profound B cell aplasia 
(13) with some preservation of plasma cells and 
prior humoral immunity (77). The loss of B cells 
after CAR T cell therapy is largely managed by 
replacement therapy with intravenous immuno- 
globulin, not unlike the treatment for individuals 


1Center for Cellular Immunotherapies, Perlman School of 
Medicine, Philadelphia, PA, USA. “Parker Institute for Cancer 
Immunotherapy, University of Pennsylvania, Philadelphia, PA, 
USA. Department of Pathology and Laboratory Medicine, 
Perlman School of Medicine, Philadelphia, PA, USA. 
*Corresponding author. Email: cjune@exchange.upenn.edu 


lof5 


8102 ‘zz youe UO /G10' Bewseouel0s’e0ue!S//:d}]4y WO pepeojuMoGg 


CREDITS (GRAPHIC) A. KITTERMAN/SCIENCE 


TCR First generation CAR 
Linker 
VH VL 
scFv 
Hinge 
¢ 


Second generation CAR Third generation CAR 
CD28 () or 4-188 § CD28 
4-1BB 
¢ 
¢ 


Fig. 1. Engineered T cells: design of TCR versus CAR T cells. T cells can be redirected to have 
specificity for tumors by the introduction of (left) transgenic TCRs (T cell receptors) or (right) CAR 
(chimeric antigen receptor) proteins. CARs are fusion proteins composed of an extracellular portion 
that is usually derived from an antibody and intracellular signaling modules derived from T cell 
signaling proteins. First-generation CARs contain CD3¢, whereas second-generation CARs possess a 
costimulatory endodomain (e.g., CD28 or 4-1BB) fused to CD3¢. Third-generation CARs consist of 
two costimulatory domains linked to CD3¢. scFv, single-chain variable fragment; VH, variable heavy 


chain; VL, variable light chain. 


with genetic deficiencies in B cells owing to CD19 
mutations (J6). 

Early results from CAR T cell trials evaluat- 
ing other targets indicated that the CD19 off- 
tumor cross-reactions are not a singular example, 
but may be generally observed with other lineage- 
dependent targets. Multiple myeloma, which ex- 
presses low levels of CD19, has responded to 
CD19 CAR T cell therapy (78). In ongoing trials 
(NCT02546167, clinicaltrials.gov) with CARs 
targeting B cell maturation antigen (BCMA or 
CD269) in advanced myeloma, the nonmalignant 
plasma cells that also express BCMA are erad- 
icated in addition to the malignant myeloma 
cells (19). The tolerability of off-tumor reactions 
will depend greatly on the types of noncancerous 
cells that are targeted. 


Most patients with relapsed leukemia achieve 
complete remission after CD19-specific CAR T 
cell treatment. However, two forms of resistance 
to this therapy have emerged. In patients with 
acute leukemia, the loss of the antigenic epitope 
on CD19 that is targeted by CAR T cells appears 
to be a dominant mechanism of tumor escape. 
This is analogous to mechanisms of antigenic 
escape due to acquired defects in antigen presen- 
tation or antigen loss observed with TCR T cell- 
based therapies (75, 20). The frequency of relapse 
with CD19-negative loss variants was 28% in the 
international trial for young adult and pediatric 
patients with acute leukemia (27). CD19 loss has 
not been reported as a form of resistance in pa- 
tients with chronic lymphocytic leukemia (CLL); 
resistance in CLL is likely due to a failure of the 


Table 2. Strategies to overcome current clinical challenges associated with CAR T cell therapies. 


Issue Strategy 


Cytokine release 
syndrome (13, 61) 


Development of anti-CAR 
idiotypic antibodies 
to murine scFvs 


Lack of persistence of 
CAR T cells 


Tocilizumab, siltuximab, 
JAK kinase inhibitors, 
corticosteroids 


Expected outcome 


Blocking IL-6 effects 
rapidly reverses fevers, 
hypotension, and hypoxia 


Longer persistence of 
CAR T cells 


Understand mechanisms of 
signaling domains that 
impart increased longevity 
(63); use sorted memory 


Long-term persistence 
of CAR T cells when 
desired by clinical 
situation 


or stem cells (64) 


Relapse owing to loss of 
CD19 epitope 
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Target CD22 and CD19 


Combinatorial surface 
targeting prevents 
escape (23) 
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CAR T cells to proliferate after infusion (22). 
Table 2 lists several important translational 
challenges that need to be overcome in advanc- 
ing CAR T cell therapy to clinical fruition. 


CAR T moving beyond B cells 


CAR T technology has now been shown to have 
broader applications beyond CD19, and early- 
phase clinical trials of CAR T cells targeting BCMA 
and CD22 have reported similarly potent anti- 
tumor activity in multiple myeloma and acute 
lymphoblastic leukemia, respectively (79, 23). 
However, BCMA and CD22, like CD19, are highly 
restricted to the B cell lineage, which resides in 
tissue that can be targeted with manageable tox- 
icity. Attempts to target tumor-associated anti- 
gens in solid tumors have achieved limited success 
so far. 

The ERBB2/HER2 protein is a receptor tyro- 
sine kinase that is frequently overexpressed in 
cancer and is a validated target for antibody or 
antibody-drug conjugates. CAR T cell therapy tar- 
geting ERBB2/HER2 led to a fatal toxicity in the 
first patient treated. By using a third-generation 
CAR with a high-affinity scFV based on Herceptin 
and CD28 and 4-1BB intracellular signaling 
domains, it was revealed that the toxicity was 
apparently caused by recognition and killing of 
ERBB2-positive cells expressed at low density on 
the lung epithelium, triggering pulmonary failure 
and massive cytokine release (24). Lower doses of 
CAR T cells that have a scFv with lower affinity 
than the Herceptin-based CAR have proven safe 
in sarcoma patients but only have modest clinical 
activity (25). 

A phase 1 trial of T cells expressing a first- 
generation CAR targeting the carbonic anhydrase 
IX (CAIX) antigen on renal cell carcinoma also 
encountered unexpected hepatotoxicity, owing 
to low-density expression of the CAIX antigen on 
normal biliary epithelium that was not discovered 
in preclinical studies (26). Delayed respiratory tox- 
icity coinciding with peak T cell expansion in a trial 
of CAR T cell therapy targeting CEACAM5 also 
suggested the potential for on-target, off-tumor 
toxicity with this cancer-associated antigen (27). 
Clinical trials of CARs targeting other shared 
antigens associated with solid tumors including 
mesothelin, carcinoembryonic antigen, and the 
GD2 ganglioside have not reported notable tox- 
icity; however, the antitumor activity observed in 
these trials has also been minimal. GD2-specific 
CAR T cells with enhanced antitumor activity are 
capable of inducing fatal neurotoxicity in pre- 
clinical models, highlighting the challenge (28). 
Local-regional injection of CAR T cell therapy 
targeting the interleukin (IL)-13 receptor a2 on 
glioblastoma multiforme demonstrated on-target 
activity without the appreciable toxicity that would 
be expected if intravenous administration were 
performed, suggesting that the therapeutic index 
may be enhanced by direct intratumoral injec- 
tion for some antigens (29). CAR T cell therapy 
targeting a tumor-specific antigen, the alternately 
spliced variant of epidermal growth factor receptor 
(EGFRvIIT), has demonstrated that this antigen 
can be safely targeted, but EGFRvIII antigen loss 
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within the tumor was also observed in some treated 
subjects, further illustrating the need to target mul- 
tiple antigens to prevent antigen escape (30). 

The tumor microenvironment presents addi- 
tional barriers to the successful application of ACT, 
especially in solid tumors. Well-described pathways 
that inhibit T cell immunity within tumors include 
immune checkpoints (e.g., expression of PD-L1, a 
ligand for the programmed death 1 receptor), 
alterations in the tumor metabolic environment 
(e.g., hypoxia or expression of indolamine-1-oxidase 
and arginase), regulatory T cells, and suppressive 
myeloid cells (37). Many of these immunologic and 
metabolic checkpoints increase in tumors after 
ACT, suggesting adaptive resistance (30). Clinical 
trials that combine PD-1/PD-L1-blocking anti- 
bodies with CD19-specific CAR T cell therapies 
are under way (e.g., NCT02926833, NCT02650999, 
and NCT02706405; clinicaltrials.gov). In addition 
to combinations with other checkpoint inhibitors, 
alternative approaches to disrupting these sup- 
pressive pathways, such as switch receptors or 
gene editing, are also under study (32). 


Toxicities with CAR T cell therapy 


Although some degree of immune stimulation and 
inflammation was expected with T cell activation 
after ACT, severe cytokine release syndrome (CRS) 
has been observed with CD19-specific, BCMA- 
specific, and CD22-specific CAR T cells (Fig. 2). 
This syndrome can be more severe than the 
influenza-like syndrome commonly observed 
with TIL- and TCR-based therapies (33). The 
severity of the CAR T cell-associated CRS cor- 
relates with tumor burden (/4, 34). In the most 
severe form, CRS shares many features with 
hemophagocytic lymphohistiocytosis and macro- 
phage activation syndrome (35). 

Although CRS was an expected toxicity with 
T cell immunotherapy, unexpected neurologic 
complications ranging in severity from mild to 


Fig. 2. CAR T cell therapy is 
associated with cytokine 
release syndrome and neuro- 
toxicity. Cytokine release syn- 
drome has occurred with CAR 
T cells targeting CD19 or BCMA. 
When the CAR T cell engages 
surrogate antigens, it releases a 
variety of cytokines and che- 
mokines. Macrophages and 
other cells of the innate 
immune system also become 
activated and contribute to the 
release of soluble mediators. 
CAR T cells are routinely 
observed in cerebral spinal 
fluid, and the cytokines may 
increase permeability to soluble 
mediators and permit increased 
trafficking of CAR T cells and 
other lymphocytes to central 
nervous system parenchyma. 
IFN, interferon; AST, aspartate 
aminotransferase; ALT, alanine 
aminotransferase. 
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life-threatening have also been reported across 
different clinical studies with CD19- and BCMA- 
specific CAR T cells. The neurologic toxicities 
described with CD19-specific CAR T cells have 
been largely reversible (Box 1). It is not known 
whether the cerebral edema resulting from CAR 
T cell therapy is an extreme manifestation of CRS 
or whether there is a separate mechanism of 
action. In support of the latter, there is evidence 
for endothelial injury, perhaps related to inflam- 
matory cytokines, contributing to the onset of 
neurotoxicity (36). The mechanisms underlying 
T cell immunotherapy-mediated CRS and cere- 
bral edema are poorly understood, in part because 
the field lacks informative animal models to study 
these important toxicities. 


Improving engineered T cells through 
cellular engineering 


The strength of binding between a ligand and its 
receptor (affinity) is a fundamental biophysical 
parameter affecting the outcome of most receptor 
signaling. Characterizing the affinity of a single 
TCR for its cognate peptide presented within 
MHC (pMHC) is complex. In the most simplistic 
form, the binding reaction between TCR and pMHC 
can be represented by the equation 


Kon 
TCR + pMHC =~ TCR: pMHC 
‘off 


However, there is considerable debate regard- 
ing whether the equilibrium binding constant 
(Kp = Kon/Kor, Where Koy and Koge are the associa- 
tion and dissociation rates, respectively) or the 
dissociation half-life (t/2 = 0.693/Ko¢) is the most 
important parameter affecting the outcome of 
TCR signaling. Using surface plasmon resonance 
measurements of TCR affinity, the apparent Kp 
values of most functional TCRs for pMHC range 
from 1 to 100 uM (37). The role of TCR affinity 


may be especially relevant to tumor-associated 
cancer-testis antigens, which are nonmutated 
self-antigens to which some degree of tolerance 
likely exists, unlike for foreign antigens (38). 
Similar to TCRs, affinity engineering may also 
be applicable in CAR design to increase the anti- 
tumor potency of CAR T cells and modulate on- 
target, off-tumor toxicity. ERBB2/HER2 encodes 
a cell surface receptor implicated in the patho- 
genesis of numerous epithelial malignancies (39). 
Varying the affinity of a CAR against ERBB2/HER2 
increases the discrimination between low antigen 
density, such as that found on healthy epithelial 
cells, and higher antigen load on tumor cells 
(40). However, identifying the optimal affinity 
is not straightforward, as evidenced by improved 
antitumor activity (but with the emergence of 
severe neurotoxicity) associated with enhanced 
binding of a GD2-specific CAR in a preclinical 
model (28). Beyond affinity, substantial effort has 
been expended to evaluate the impacts of CAR 
ectodomain structure, transmembrane domain, 
and signaling (4D), which all can affect CAR func- 
tion. Unfortunately, few standards have been 
defined, and CAR design remains largely empiric. 
In many cases, the functional consequences are 
also not fully apparent in preclinical experiments, 
further complicating the CAR design process. 


Universal CAR T cells 


Although ACT evolved from allogeneic bone mar- 
row transplantation, ACT strategies have focused 
on autologous T cells owing to the inherent barriers 
imposed by the MHC. A return to allogeneic donor 
or “universal” T cells could provide considerable 
advantages over autologous T cells if the MHC 
barriers could be eliminated. Universal CAR T cells 
derived from healthy donors have the potential 
to overcome the many immune defects associ- 
ated with cancer treatment. In addition, the use 
of universal CAR T cell therapies might provide 
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Increased vascular 
permeability 


Macrophage 
mediator release 


Hemodynamic instability 
Tachycardia 

Hypotension 

Capillary leak syndrome 


Organ dysfunction 
AST and ALT elevation 
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Respiratory failure 
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opportunities to simplify the manufacturing of 
engineered cells, perhaps even allowing for the 
creation of “off-the-shelf” ACT products (42), fa- 
cilitating more rapid and less expensive treat- 
ment compared with autologous patient-specific 
T cells. 

The first study to report the use of gene editing 
to generate universal CAR T cells without a func- 
tional endogenous TCR was by Torikai et al. (43). 
A pilot trial using TALEN (transcription activator- 
like effector nuclease)-based engineering in two 
patients recently demonstrated the feasibility of 
applying off-the-shelf universal CD19-specific CAR 
T cell therapy (44). Engraftment of the genetically 
universal CAR T cells was limited in both subjects, 
constraining the therapeutic efficacy of the ap- 
proach in the pilot study. Importantly, subject 1, 
who was mismatched at all MHC class I alleles, 


Fig. 3. Conditionally 
expressed CAR using 
Notch as a signal induc- 
tion and response 
pathway system. The 
extracellular ligand-binding 
domain of CAR 1, upon 
engagement with its cog- 
nate ligand (i), induces 
proteolysis of the intra- 
cellular domain of a syn- 
thetic Notch (synNotch) 
receptor, which contains a 
transcriptional regulator. 
Upon release, the notch 


‘ Signaling cell 
y—S———— 


experienced graft-versus-host disease that was as- 
sociated with the expansion of contaminating, 
nonedited T cells that retained the endogenous 
TCR, indicating that more complete editing will 
be required for the success of this approach. Rec- 
ognition of MHC class I-deficient cells by natural 
killer (NK) cells also might have limited engraft- 
ment, despite profound immunosuppression in- 
duced by alemtuzumab. One appealing strategy 
to prevent NK lysis of universal CAR T cells is to 
insert HLA-E and delete HLA-A, -B, and -C, which 
prevents host T cells from killing the universal 
CAR T cells (45). Given the rapid progress in the 
field, it is likely that universal CAR T cells will 
become widely used. However, the major question 
remaining is whether the approach will be suf- 
ficiently potent to serve as a stand-alone therapy, 
or whether it will rather act as a bridge for a 


Transcription 


factor wz “ 
‘ii \ 


intracellular domain is 
translocated to the nucleus 
(ii) to regulate transcription 
(iii) of the gene encoding 
CAR 2 downstream of the 
transcription factor binding 
site. Translation of the pro- 
tein (iv) is followed by the 
surface expression of the 
CAR (v). In this manner, a 
conditional CAR expression 
specific to a second anti- 
gen in the presence of the 
first antigen-specific ligand 
safely arms the T cell for 
highly specific recognition. 


CAR encoding 
gene | 


| mona —! 
\ ——_, 


\ Nucleus 


a 
Box 1. Cerebral edema associated with CAR T cell therapy. 


An unanticipated toxicity from CAR T cell therapy has been cerebral edema. Five deaths 
attributed to cerebral edema were reported in patients treated with JCARO15, the CD19 CAR 
originally developed by Brentjens and colleagues (14). The company Juno announced that it 
terminated clinical development of JCARO15 in March 2017. The cause of the cerebral edema 
occurring in patients treated with JCARO15 was a capillary leak owing to endothelial damage that 
was restricted to the central nervous system (36). Edema has classically been accepted as 

a consequence of some forms of physiologic immune activation. Swelling of tumor masses 
followed by tumor regression occurs after checkpoint therapy (65). However, swelling of tumors 
in patients treated with CAR T cells has not been reported. The underlying cause of cerebral 
edema after CAR T cell treatment remains unknown, and the lack of a suitable animal model to 
study the toxicity hinders research in this area. 
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definitive therapy, such as a stem cell transplant 
or autologous CAR T cell therapy. 


Genome editing and multipurpose CARs 


Many technologies can introduce targeted double- 
stranded breaks in DNA, permitting efficient 
creation of insertion or deletion mutations, which 
generally inactivates the targeted gene. Homology- 
directed repair can be used to insert genes of interest 
at the targeted site. There are many genome- 
editing tools, including zinc finger nucleases, mega- 
nucleases, TALENs, homing endonucleases, and 
CRISPR-Cas9 nucleases. These technologies have 
all been successfully applied to engineer T cells. 
The major issue in the field now is whether bacte- 
rially derived Cas9 will be sufficiently immunogenic 
to interfere with the delivery of CRISPR-Cas9- 
edited T cells (46). 

Human genome editing offers the opportunity 
to eliminate immunosuppressive signals such as 
CTLA-4 and PD-1, enhancing the function of T 
cells, possibly without the toxicity associated with 
global blockade of immune checkpoint molecules 
(47). Gene editing has also been used to eliminate 
genes for CAR targets that are also expressed by 
the T cell, which may allow targeting of tumor- 
associated antigens that would otherwise not be 
amenable to T cell immunotherapy (48). Recently, 
Eyquem et al. introduced a CAR into the TCR 
locus so that receptor expression could be con- 
trolled under physiologic conditions of the en- 
dogenous TCR promoter, thereby markedly 
enhancing CAR T cell function (49). 

Single antigen-based approaches are limited 
in their ability to discriminate tumor cells from 
healthy tissue. To provide enhanced specificity 
toward tumors, combined sensing approaches 
are increasingly being developed that target two 
or more antigens. One of the earliest strategies 
involved splitting of the primary CD3c and costi- 
mulatory signals from second-generation CARs 
into two separate chimeric receptors that are co- 
expressed within the same T cell (50). A synthetic 
Notch receptor system has also been described 
that integrates the dual antigenic signals through 
transcription rather than signaling (57) (Fig. 3). 
Understanding the pharmacokinetic features of 
CAR expression in combinatorial antigen-sensing 
systems will be important because trafficking be- 
tween physiologic compartments can occur within 
hours after CAR infusion, when cells retaining 
CAR expression might still be capable of medi- 
ating toxicity. 

To mitigate the potential risk of self-reactive 
immunity associated with ACT, synthetic molec- 
ular systems for achieving inducible death of the 
genetically engineered T cells, often called “sui- 
cide switches,” have been developed. The most 
notable approach uses the pro-apoptotic protein 
caspase-9 fused to a domain of FKBP12 (induc- 
ible caspase-9, or iCasp9). Upon introduction of a 
dimeric small molecule such as rimiducid, the 
FKBP12 domains of iCasp9 dimerize, and the 
T cells undergo rapid apoptotic cell death. 
The iCasp9 approach has been evaluated in alloge- 
neic donor lymphocyte infusions after hematopoi- 
etic stem cell transplantation and has demonstrated 
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Fig. 4. Regional disparities in studies of CAR T cell therapies. (Left) Geographic localization of 
clinical trials presently testing CAR T cell therapies, identified using the search term “chimeric 
antigen receptor.” Worldwide, 253 trials are testing CAR T cells (clinicaltrials.gov, accessed 

16 January 2018). China is now the most active area of clinical research for CAR T cells. (Right) 
Comparison with the geographic localization of all clinical trials worldwide. 


robust T cell elimination with the ability to abro- 
gate graft-versus-host disease (52). 


Commercialization of CAR T cells 


The field of immuno-oncology has emerged as 
one of the great success stories of the past decade. 
However, the advent of numerous but often non- 
curative targeted therapies will increase life span 
and the prevalence of patients living with cancer 
(53). There are now more than 250 clinical trials 
testing CAR T cells. It is notable that there are 
disparities in the geographic locations of the trials, 
with hotspots for translational research occurring 
in China and the United States and far fewer trials 
taking place in Europe, Japan, and the Southern 
Hemisphere (Fig. 4). The reasons for the geo- 
graphic disparity are likely complex and related 
to the willingness to adopt and invest in new 
therapies, divergent regulatory policies by health 
authorities, and societal differences. 

The financial burdens imposed by effective but 
noncurative therapies that are encountered by 
patients with hematologic malignancies, partic- 
ularly CLL and multiple myeloma, also present 
challenges. CLL is the most common form of 
leukemia in the United States; about 100,000 
patients were living with the disease in 2000, 
and, because of improved but noncurative tar- 
geted therapies such as ibrutinib and idelalisib, 
an increase to ~200,000 cases in the United States 
is projected (54). However, targeted therapies for 
CLL present a substantial economic burden for 
both patients and the economy, now estimated 
at a lifetime cost of $604,000 per patient, and 
the total cost of CLL management in the United 
States alone is estimated to exceed $5 billion 
per year by 2025 (54). It is likely that CAR T cell 
therapies are more cost-effective than current 
standard-of-care therapies for leukemia and lym- 
phoma. The bespoke manufacturing processes 
now used for highly personalized engineered T 
cell therapies incur high costs. The cost of manu- 
facturing CAR T cells is expected to decrease (55). 
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A detailed analysis of the public health consid- 
erations of the pricing of gene-modified cells is 
beyond the scope of this Review, but some as- 
pects have recently been summarized (56). 


Future opportunities and applications 


The advent of CAR T cells for leukemia and lym- 
phoma is noteworthy from several perspectives. 
Perhaps most important is that CAR T cells are 
the first form of gene transfer therapy to gain 
commercial approval by the U.S. FDA. Because 
of the risk of CRS and neurologic toxicities, CAR 
T cells were approved contingently with a risk 
evaluation and mitigation strategy, whereby the 
FDA requires that physicians complete training 
for management of adverse effects. One of the 
greatest challenges in developing cell-based ther- 
apeutic approaches is the paucity of preclinical 
models to evaluate the safety and efficacy of 
these complex therapies before human studies 
or in response to safety issues that are uncovered 
in early-phase clinical studies. Although CAR 
T cells are transforming the management of 
hematologic malignancies, there are still many 
hurdles to successfully applying these therapeutic 
approaches more broadly to solid tumors. Ongoing 
advances in T cell engineering, gene editing, and 
cell manufacturing have the potential to broaden 
T cell-based therapies to other cell types such as 
induced pluripotent stem cells, hematopoietic 
stem cells, and NK cells and to foster new appli- 
cations beyond oncology in infectious diseases, 
organ transplantation, and autoimmunity. 


REFERENCES AND NOTES 


1. E. M. Verdegaal et al., Nature 536, 91-95 (2016). 

2. S.A. Rosenberg, N. P. Restifo, Science 348, 62-68 (2015). 
3. C.H. June, S. R. Riddell, T. N. Schumacher, Sci. Transl. Med. 
7, 280ps7 (2015). 

R. A. Morgan et al., Science 314, 126-129 (2006). 

L. A. Johnson et al., Blood 114, 535-546 (2009). 

R. A. Morgan et al., J. Immunother. 36, 133-151 (2013). 

B. J. Cameron et al., Sci. Trans/. Med. 5, 197ral03 (2013). 
A. P. Rapoport et al., Nat. Med. 21, 914-921 (2015). 


ON AAS 


23 March 2018 


9. Y. Kuwana et al., Biochem. Biophys. Res. Commun. 149, 
960-968 (1987). 

0. G. Gross, T. Waks, Z. Eshhar, Proc. Natl. Acad. Sci. U.S.A. 86, 
10024-10028 (1989). 

1. F. Garrido, N. Aptsiauri, E. M. Doorduijn, A. M. Garcia Lora, 
T. van Hall, Curr. Opin. Immunol. 39, 44-51 (2016). 

2. J. N. Kochenderfer et al., Blood 116, 4099-4102 (2010). 

. D. L. Porter, B. L. Levine, M. Kalos, A. Bagg, C. H. June, N. Engl. 

J. Med. 365, 725-733 (2011). 


ot) 


A. R. J. Brentjens et al., Sci. Trans/. Med. 5, 177ra38 (2013). 
5. S. A. Grupp et al., N. Engl. J. Med. 368, 1509-1518 (2013). 
6. M. C. van Zelm et al., N. Engl. J. Med. 354, 1901-1912 (2006). 
7. V. G. Bhoj et al., Blood 128, 360-370 (2016). 

8. A. L. Garfall et al., N. Engl. J. Med. 373, 1040-1047 (2015). 
9. S.A. Ali et al., Blood 128, 1688-1700 (2016). 

20. E. Sotillo et al., Cancer Discov. 5, 1282-1295 (2015). 

21. S. L. Maude et al., N. Engl. J. Med. 378, 439-448 (2018). 
22. D. L. Porter et al., Sci. Transl. Med. 7, 303ra139 (2015). 

23. T. J. Fry et al., Nat. Med. 24, 20-28 (2018). 

24. R. A. Morgan et al., Mol. Ther. 18, 843-851 (2010). 

25. N. Ahmed et al., J. Clin. Oncol. 33, 1688-1696 (2015). 

26. C. H. Lamers et al., Mol. Ther. 21, 904-912 (2013). 

27. F. C. Thistlethwaite et al., Cancer Immunol. Immunother. 66, 


425-1436 (2017). 


28. S. A. Richman et al., Cancer Immunol. Res. 6, 36-46 (2018). 
29. C. E. Brown et al., N. Engl. J. Med. 375, 2561-2569 (2016). 
30. D. M. O'Rourke et al., Sci. Transl. Med. 9, eaaa0984 (2017). 


31. J. A. Joyce, D. T. Fearon, Science 348, 74-80 (2015). 

32. W. A. Lim, C. H. June, Cel! 168, 724-740 (2017). 

33. M. Kalos et al., Sci. Transl. Med. 3, 95ra73 (2011). 

34. S. L. Maude et al., N. Engl. J. Med. 371, 1507-1517 (2014). 

35. D. M. Barrett, D. T. Teachey, S. A. Grupp, Curr. Opin. Pediatr. 
26, 43-49 (2014). 

36. J. Gust et al., Cancer Discov. 7, 1404-1419 (2017). 

37. M. M. Davis et al., Annu. Rev. Immunol. 16, 523-544 (1998). 

38. M. Aleksic et al., Eur. J. Immunol. 42, 3174-3179 (2012). 

39. M. Marotta et al., Sci. Rep. 7, 41921 (2017). 

40. H. G. Caruso et al., Cancer Res. 75, 3505-3518 (2015). 

Al. S. Srivastava, S. R. Riddell, Trends Immunol. 36, 494-502 
(2015). 

42. J. L. Zakrzewski et al., Nat. Biotechnol. 26, 453-461 (2008). 

43. H. Torikai et al., Blood 119, 5697-5705 (2012). 

44. W. Qasim et al., Sci. Trans/. Med. 9, eaaj2013 (2017). 

45. G. G. Gornalusse et al., Nat. Biotechnol. 35, 765-772 (2017). 
46. C. T. Charlesworth, P. S. Deshpande, D. P. Dever, B. Dejene, 
N. Gomez-Ospina, S. Mantri, M. Pavel-Dinu, J. Camarena, 

K. |. Weinberg, M. H. Porteus, Identification of pre-existing 
adaptive immunity to Cas9 proteins in humans. bioRxiv 
243345 [Preprint]. 5 January 2018. 

47. C. H. June, J. T. Warshauer, J. A. Bluestone, Nat. Med. 23, 
540-547 (2017). 

48. R. Galetto, |. Chion-Sotinel, A. Gouble, J. Smith, Blood 126, 116 
(2015). 

49. J. Eyquem et al., Nature 543, 113-117 (2017). 

50. C. C. Kloss, M. Condomines, M. Cartellieri, M. Bachmann, 
M. Sadelain, Nat. Biotechnol. 31, 71-75 (2013). 

51. K. T. Roybal et al., Cell 164, 770-779 (2016). 

52. A. Di Stasi et al., N. Engl. J. Med. 365, 1673-1683 (2011). 

53. P. J. Neumann, J. T. Cohen, N. Engl. J. Med. 373, 2595-2597 
(2015). 

54. Q. Chen et al., J. Clin. Oncol. 35, 166-174 (2017). 

55. B. L. Levine, C. H. June, Nature 498, S17 (2013). 

56. R. Hettle et al., Health Technol. Assess. 21, 1-204 (2017). 

57. J. D. Stone, D. H. Aggen, A. Schietinger, H. Schreiber, 
D. M. Kranz, Oncolmmunology 1, 863-873 (2012). 

58. M. P. Tan et al., Clin. Exp. Immunol. 180, 255-270 (2015). 

59. J. Scholler et al., Sci. Transl. Med. 4, 132ra53 (2012). 

60. A. J. Davenport et al., Cancer Immunol. Res. 3, 483-494 
(2015). 

61. J. N. Kochenderfer et al., Blood 119, 2709-2720 (2012). 

62. D. Sommermeyer et al., Leukemia 31, 2191-2199 (2017). 

63. M. C. Milone et al., Mol. Ther. 17, 1453-1464 (2009). 

64. X. Wang et al., Blood 127, 2980-2990 (2016). 

65. M. A. Postow, R. Sidlow, M. D. Hellmann, N. Engl. J. Med. 378, 

58-168 (2018). 


ACKNOWLEDGMENTS 

This work was supported by NIH grants ROICA226983 (C.H.J.), 
5ROICA165206 (C.H.J.), and IPOLCA214278 (M.C.M.). We 
apologize that because of space constraints, we were unable to 
cite many studies. 


10.1126/science.aar6711 


5 of 5 


810zZ ‘zz youe UO /610' Bewsouel0se0ue!0S//:d}]y WO} pepeojuMOGg 


SPECIAL SECTION 


CANCER IMMUNOTHERAPY 


REVIEW 


The microbiome in cancer 
immunotherapy: Diagnostic tools 
and therapeutic strategies 


Laurence Zitvogel,””*** Yuting Ma,”® Didier Raoult,” 


Guido Kroemer,*®° Thomas F. Gajewski""* 


The fine line between human health and disease can be driven by the interplay between 
host and microbial factors. This “metagenome” regulates cancer initiation, progression, 
and response to therapies. Besides the capacity of distinct microbial species to modulate 
the pharmacodynamics of chemotherapeutic drugs, symbiosis between epithelial 
barriers and their microbial ecosystems has a major impact on the local and distant 
immune system, markedly influencing clinical outcome in cancer patients. Efficacy of 
cancer immunotherapy with immune checkpoint antibodies can be diminished with 
administration of antibiotics, and superior efficacy is observed with the presence of 
specific gut microbes. Future strategies of precision medicine will likely rely on novel 
diagnostic and therapeutic tools with which to identify and correct defects in the 
microbiome that compromise therapeutic efficacy. 


ancer cells frequently express tumor- 

associated antigens that are targetable by T 

lymphocytes; however, concomitant immune 

regulatory molecules often suppress these 

functional immune responses. Therapeutic 
agents uncoupling these immune checkpoints 
have recently been shown to have a major impact 
on patient treatment outcomes. In particular, 
monoclonal antibodies (mAbs) that block the 
engagement of the inhibitory receptor PD-1 by 
its main ligand PD-L1 have to date been approved 
by the U.S. Food and Drug Administration (FDA) 
for use in the treatment of patients with 10 dis- 
tinct tumor types (J). However, the majority of 
tumors appear to lack infiltration with T cells, and 
expression of immune genes indicative of an ac- 
tive immune response. Major efforts are being 
made to overcome the mechanisms of primary 
resistance to immunotherapy (1). Besides tumor 
cell-intrinsic oncogenic pathways, additional 
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host and environmental factors can have a major 
impact on the degree of endogenous immune 
responses and hence the efficacy of cancer im- 
munotherapeutics (1). The composition of the 
gut microbiome has emerged as one major factor 
that exerts a profound impact on the peripheral 
immune system, including in the cancer context 
(2). The mammalian microbiome represents all 
host-associated microorganisms, a complex and 
diverse ecosystem residing at portals of entry on 
all epithelial barriers. It encompasses the bacte- 
rial microbiome, the archaeal microbiome, the 
virome (bacteriophages and eukaryotic viruses), 
the mycobiome (fungi), and the meiofauna (uni- 
cellular protozoa and helminthic worms) (3) and 
is acquired after birth through vertical transmis- 
sion and then shaped by environmental exposure 
throughout life. Disrupting the repertoire of the 
gut microbiome, which is sometimes referred to 
as “intestinal dysbiosis,” has been epidemiologi- 
cally (and sometimes causally) associated with a 
variety of chronic inflammatory disorders (4). 
Here, we discuss the impact of the bacterial mi- 
crobiome on the relationship between cancer and 
the immune system, and the potential therapeu- 
tic utility of directly manipulating commensal 
microbiota as an approach to enhance the effi- 
cacy of cancer immunotherapy. 


Early steps: A role for the microbiome 
in cancer 


The cardinal role of the intestinal microbiota in 
regulating health and diseases has only recently 
been fully appreciated (Fig. 1) (4). The human gut 
microbiome contains ~3 x 10” bacteria, most of 
which are commensals (5). From birth, the intesti- 
nal microbiota plays a crucial role in the life-long 
programming of innate and acquired immune 
responses; it fine-tunes the delicate balance between 
inflammation, infection, and tolerance of food 
and commensal antigens (4, 6). Beyond effects 
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on intestinal and local immune physiology, the 
gut microbiome has systemic effects throughout 
the meta-organism (6). Exemplifying this notion, 
critical host fitness-promoting traits are missing 
in laboratory mice maintained under specific 
pathogen-free (SPF) conditions, compared with 
wild free-living animals. Transfer of the wild gut 
microbiome to laboratory mice induces long-lasting 
immune modulatory effects (over several gen- 
erations), which improves disease outcome against 
viral infection and mutagen- and inflammation- 
induced carcinogenesis (7). 

The microbiome has been discovered to be 
involved in the initiation and progression of various 
types of cancer, both at epithelial barriers and 
within sterile tissues (8). Commensal ecosystems 
inhabiting the intestine or other mucosae play a 
role in both local and distant carcinogenesis. 
Microbes can directly act as cancer-transforming 
agents, by providing a toxic metabolite or an 
oncogenic product, or indirectly by inducing inflam- 
mation or immunosuppression. Moreover, fecal 
microbial transplantation can transfer the neoplasia- 
prone phenotype from knockout mice lacking 
some immune-relevant genes (such as 7bx21, Nod2, 
Nirp6, or Tlr5) of wild-type mice (8). By contrast, 
accumulating evidence supports a positive role for 
bacteria in combating cancer located at sites that 
are distant from the gut, through potentiation of 
host antitumor immune responses (table S1) (9). 
Epidemiological studies supported by experiments 
in rodents suggest a dose-dependent association 
between antibiotic use and risk of cancer (9). 
Taken together, these studies laid the theoretical 
framework to identify microbes that may bestow 
anticancer activities. 


The gut microbiome and 
immuno-oncology 


An early hint suggesting an immunotherapeutic 
effect of the microbiome came from studies of 
total-body irradiation, which enhanced the effi- 
cacy of tumor-specific T cell transfer through 
translocation of a bacterial product, the toll-like 
receptor 4L (TLR4L) lipopolysaccharide, from 
the intestinal lumen to secondary lymphoid organs 
(0). Soon after, it was observed that several anti- 
cancer treatment modalities showed reduced 
therapeutic effects in germ-free mice as well as 
in mice treated with broad-spectrum antibiotics 
(11-14), or in mice lacking specific immune- 
potentiating bacterial species originating from 
different vendors (75). Such results were obtained 
with metronomic cyclophosphamide (72), chemo- 
therapy with platinum salts (72), immunotherapy 
through a combination of TLR9 antagonist and 
antibody to interleukin-10R (IL-10R) (7), or admin- 
istration of mAbs to CTLA-4 and/or PD-1/PD-L1 
(13, 14). In each case, therapeutic efficacy was 
curtailed when the gut microbiota was absent or 
manipulated. The fine mechanisms explaining 
the contribution of the microbiome to therapy- 
induced anticancer immune responses may differ 
for each treatment modality. For instance, cyclo- 
phosphamide increases the permeability of the 
upper gastrointestinal (GI) tract, leading to trans- 
location of the small intestine-residing Enterococcus 
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Cancer therapies 

Anticancer treatment 
modalities and co-medications 
(such as antibiotics) affect the 
integrity of the epithelial 
barrier. 


Microbiome 

Gut-resident commensals interacting 
with epithelial, stromal, endocrine, 
neural, immune intestinal cells to 
regulate barrier functions and 
whole-body metabolism. 


Immune responses 

The gut microbiota has systemic effects 
throughout the meta-organism via 
secretion of anti-inflammatory 
cytokine/chemokines, metabolites, 
antimicrobial and neuropeptides. 


Fig. 1. The microbiome at the crossroads between physiology and pathology in cancer. The intestinal microbiota plays a crucial role 

in the life-long programming of innate and acquired immune responses because it fine-tunes the delicate balance between inflammation, 
infection, and tolerance of food and commensal antigens. Several therapeutic modalities could be harnessed to restore the homeostasis of the gut 
and the metaorganism during cancer progression and treatment. 


hirae to the spleen, but also the accumulation of 
Barnesiella intestinthominis in the colon, which 
together exert a coordinated immunostimulatory 
effect on antitumor immune responses (6). Upon 
CTLA-4: blockade, intraepithelial lymphocytes dam- 
age ileal epithelial cells, stimulating the accumu- 
lation of Bacteroides fragilis and Burkholderiales 
spp., activating IL-12-producing dendritic cells 
(DCs) and T helper 1 (T};1) immune responses 
(13). Therapeutic efficacy of PD-1/PD-L1 blockade 
was associated with the presence of Bifidobacterium 
spp., which activate antigen-presenting cells (15). 
The immunizing effects of antibody to IL-I0R + the 
TLR9 agonist CpG were linked to the activation 
of myeloid cells and tumor necrosis factor-o. 
(TNFa) secretion within the tumor microenvi- 
ronment (7). The causal relationship between 
the dominance of distinct commensals and the 
efficacy of anticancer therapies in these examples 
has been proven with mouse cohousing experi- 
ments or oral gavage with defined species (table S1). 

Corroborating these experimental findings, sev- 
eral independent retrospective analyses in human 
cohorts of metastatic lung, kidney, and bladder can- 
cer patients indicated the deleterious role of differ- 
ent classes of antibiotics taken around the initiation 
of mAbs to PD1/PDL-1 (/4). These retrospective 
analyses of patients treated with second-line ther- 
apies for FDA-approved indications needs to be 
confirmed in future prospective clinical trials and 
validated in other treatment contexts (for example, 
first-line versus second-line immunotherapies, and 
additional cancer types). In hematological malig- 
nancies, intestinal bacteria also modulate the risk of 
infection and graft-versus-host disease (GVHD) after 
allogeneic hematopoietic stem cell transplanta- 
tion (ASCT). Early administration of systemic broad- 
spectrum antibiotics in ASCT was associated with 
increased GVHD, and worse transplant-related mor- 
tality, presumably by depleting protective Clostridiales 
and Blautia in the intestinal microbiota (7). 
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Perhaps the most provocative data suggesting 
the importance of commensal microbiota in clin- 
ical efficacy of cancer immunotherapy have been 
derived from the sequencing of baseline stool 
samples from patients being treated with anti- 
body to PD-1-based therapies. Recent advances 
in sequencing technologies have improved our 
capacity to stratify patients on the basis of their 
microbial metagenomic fingerprint (13-15, 18-20). 
16S ribosomal RNA (rRNA)-based sequencing of 
gene amplicons and shotgun DNA sequencing 
of patient stool samples have identified subsets 
of bacteria more abundant in responding versus 
nonresponding patients. In some cases, decreased 


“The microbiome has been 
discovered to be involved in 
the initiation and progression 
of various of cancer, 
both at epithelial barriers 
and within sterile tissues.” 


o. diversity or richness of fecal bacterial composi- 
tion was correlated with worse patient survival. 
It should be highlighted that variations exist 
between the different research studies, which in- 
cluded patients with distinct genetic and nutri- 
tional patterns, clinical trials that were conducted 
in different geographic locations within the United 
States or Europe, and different types of tumors, 
including lung cancer, renal cell cancer, and 
melanoma. Given these considerations, it is per- 
haps even more striking that bacteria generally 
associated with health (such as Clostridiales, 
Ruminococcacae, Faecalibactertum spp. Akkermansia 
muciniphila, B. fragilis, and Bifidobacteria) 
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(13, 14, 18-20) or immunogenicity (Enterococci, 
Collinsella, and Alistipes) (11, 13, 14, 20) were 
found to be abundant in responding patients. 
Further corroborating these findings of solid 
malignancies, a study performed in 541 patients 
with hematologic malignancies reported that the 
gut microbiome at diagnosis influenced the pro- 
bability of relapse within 2 years after ASCT. In 
this context, a high abundance of a bacterial 
group composed mostly of Euwbacterium limosum 
had a positive prognostic impact (27). 

Data supporting a causal role for improved 
immunotherapy efficacy have been derived by 
using transfer of patient fecal samples into germ- 
free (GF) or antibiotics-treated SPF mice, that 
subsequently were inoculated with mouse syn- 
geneic tumors and then treated with mAbs to 
CTLA~4 and/or PD-1/PD-L1 (table S1) (73, 14, 19, 20). 
Notably, fecal microbial transplantation (FMT) 
of feces from patients (who showed clinical re- 
sponse to immune checkpoint blockade) transferred 
a “responder” phenotype to recipient mice, whereas 
“nonresponder” patient feces tended to confer non- 
responsiveness to recipients (13, 14, 19, 20). These 
results highlight that the responder/nonresponder 
status of recipient mice was derived from the com- 
position of the donor microbiome via FMT. Several 
defined bacteria species were identified that con- 
ferred improved immune-mediated tumor control 
in reconstituted mouse systems in vivo. This effect 
depended on distinct Bacteroides species in mela- 
noma treated with ipilimumab (73) and at least partly 
on Faecalibacterium (19) in melanoma and on Ver- 
rucomicrobiacae [more specifically, A. muciniphila 
(14)] in lung cancer patients treated with the PD-1 
inhibitors pembrolizumab or nivolumab. 

Uncoupling efficacy from toxicity has always 
been a holy grail in clinical oncology. Evidence 
suggests that a microbiome rich in Blautia and 
E. limosum (which results from avoiding anti- 
biotics that kill anaerobic bacteria) favors longer 
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survival after ASCT because such a microbiome 
simultaneously reduces GVHD and boosts graft- 
versus-leukemia effects (17, 27). In patients with 
metastatic melanoma treated with the checkpoint 
inhibitor ipilimumab (antibody to CTLA-4), the 
abundance of Bacteroidetes inversely correlated 
with the severity of colitis (22). Accordingly, 
B. fragilis and Burkholderia cepacia administered 
via gavage to mice reduced the severity of colitis 
induced by mAb to CTLA-4 (13, 22). 

In parallel lines of investigation beyond im- 
munotherapy, there is growing awareness that 
microbial metabolism of anticancer drugs may 
promote tumor chemoresistance (table S1). For ex- 
ample, the majority of pancreatic adenocarcinomas 
were reported to be invaded by high densities of 
Gammaproteobacteria expressing the long iso- 
form of cytidine deaminase, an enzyme that de- 
activates gemcitabine. Colorectal cancers enriched 
in Fusobacterium nucleatum also demonstrated 
worse prognosis, in part because the bacteria 
conveyed resistance to oxaliplatin and 5-fluorouracil 
by inducing autophagy as a cellular defense mech- 
anism in malignant cells (table S1). Altogether, 
these observations support the impact of intestinal 
microbiome composition—and that of individual 
phyla and species with contrasting activities— 
on the evolution of cancers and their response 
to treatment with immunotherapy or chemotherapy. 


Immunostimulation by the microbiome: 
Mechanisms of action 


Defining the mode of action of microbes will 
likely become crucial for monitoring their ben- 
eficial effects in the context of cancer treat- 
ments. On theoretical grounds, the gut flora may 
activate anticancer immune responses in numer- 
ous ways. The main hypothetical mechanisms 
are (i) through the stimulation of T cell responses 


against microbial antigens, which either provide 
help for tumor-specific immune responses, or 
may cross-react against tumor-specific antigens; 
(ii) through engagement of pattern recognition 
receptors that mediate pro-immune or anti- 
inflammatory effects; or (iii) via small metab- 
olites that mediate systemic effects on the host. 

Peptide or lipid structures from bacteria can 
activate a range of distinct T cell receptors, thus 
selecting a surge of T lymphocytes that might be 
expanded and enter the circulation. Recent data 
have suggested that bacterial epitope-specific 


“One of the striking findings 
that distinguishes cancer 
patient responders from 
nonresponders after PD-1 
blockade immunotherapy is 
the ratio of putatively 
favorable to unfavorable 
bacteria.” 


T cells can be found within the tumor microenvi- 
ronment in mouse models, perhaps because of 
the high level of chemokines that can be pro- 
duced by tumor cells, which in turn recruits the 
normal gut-homing CCR9* T cells (74). In prin- 
ciple, such T cells could produce cytokines or 
express CD40L and thereby provide help to tumor 
antigen-specific CD8" T cells. Alternatively, it is 
conceivable that they could recognize cross-reactive 
antigens expressed by normal or cancer cells. Such 
a molecular mimicry across the meta-organism 


Box 1. Culturomics approaches to discover new biotherapeutics. 


The description of cancer-associated intestinal dysbiosis constitutes an unmet medical 

need. So far, techniques aimed at identifying microbes were based almost exclusively on 
metagenomic studies. Metagenomics has several limitations, mostly related to DNA extraction 
methods, amplification steps, and big-data computerized analyses. Only 15% of bacteria 
grown from feces are detectable with metagenomics. The absence of clear definitions 

of uncultivatable species led to a considerable number of operational taxonomic units with 

a marginal taxonomic value. A large part of the bacterial cells in stools analyzed with 
metagenomics are nonviable at the time of defecation. The sensitivity of polymerase chain 
reaction is often incompatible with the detection of bacterial species located in the upper Gl 
tract, where the vast majority of metabolic and immune functions are regulated. Automatic 
sampling of small intestinal content and mucosal specimens by means of ingested capsules 
containing miniaturized devices may constitute a technique to circumvent this limitation. 
Culturomics, the cultivation of all microbes living in mucosae, was developed in 2008 by using 
a combination of diversified culture media and rapid identification of bacterial colonies 

by means of matrix-assisted laser desorption/ionization—time-of-flight (MALDI-TOF) mass spectrom- 
etry alone or combined with 16S rRNA sequencing (40). Thus, the development of new culture 
media for anaerobic bacteria or metanogenic oxygen-sensitive archae or slowly growing 
populations forming microcolonies has been carried out (40), enabling the description of more 
than 400 new species. To render the microbiome “druggable;’ one needs to develop good 
manufacturing processes to grow commensals by using chemically defined media, without 
natural products originating from animals. Last, the ability to lyophilize the microorganisms 
while maintaining their viability after freeze-drying remains crucial for future implementations. 
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has been insinuated to support the development 
of autoimmune diseases (23). However, thus far 
there are very scarce reports indicating that such 
cross-reactivities may provide an etiological 
link between the microbiome and responses to 
tumor-associated antigens expressed by malig- 
nant cells (24). 

In terms of effects on pattern recognition re- 
ceptors, DCs exposed to microbes (such as B. fragilis 
or A. muciniphila) associated with anticancer 
properties induce systemic IL-12-dependent T;;1/Tel 
immune responses beneficial against tumors treated 
with antibody to CTLA-4 (73) or PD-1/PD-L1 (74). 
In the presence of Bifidobacteria, type I interferon 
(IFN)-related immune genes are up-regulated in 
antigen-presenting cells of secondary lymphoid 
organs (15). Ligands of TLRs or Nod-like recep- 
tors (NLRs) may mediate the effects of such bacteria, 
as documented for FE. hirae (16, 25), B. fragilis (13), 
and A. muciniphila (table S1). Indeed, Alistipes 
shahii stimulates TNFo production by tumor- 
associated myeloid cells during immunotherapy 
combining TLR9 agonists with IL-10R blockade 
in a TLR4-dependent fashion (77). However, the 
microbial stimulation of anticancer memory Ty1/Tcl 
cell responses only partially rely on TLR2/TLR4: 
in the context of treatments with cyclophosphamide 
(16) or CTLA-4 blockade (13). What is not yet 
clear is whether DC precursors attain exposure to 
bacterial-derived products in the vicinity of the 
intestinal mucosa and then traffic to the tumor 
and tumor-draining lymph node, or whether sys- 
temically circulating mediators dependent on 
specific gut bacteria can have distant effects on 
DCs elsewhere in the host. On a different note, 
nociceptive neuropeptides produced by bacteria 
may also affect the host, not only through the 
activation of sensory neurons but also by eliciting 
immunoregulatory T cell subsets in the gut (26). 
These findings suggest that the enteric nervous 
system may constitute yet another target for local 
(and perhaps systemic) immunomodulation. 

The gut microbiome has a major impact on 
host metabolism, including immunometabolism. 
Polyamines generated in the gut—such as sper- 
midine, as well as vitamin B6—can stimulate 
autophagy at distant sites of the body, eliciting 
anticancer immune responses in the context of 
chemotherapy (27). The capacity of the micro- 
biome to generate polyamines has also been as- 
sociated with reduced toxicity of antibody to 
CTLA-4 in melanoma patients (22). Short-chain 
fatty acids produced by gut bacteria are sensed 
by a variety of cell types, including DCs and regu- 
latory T cells expressing the G protein-coupled 
receptors GPR41 or GPR43 (28). A microbe- 
associated metabolite, desaminotyrosine (DAT), 
derived from Clostridium orbiscindens has been 
reported to protect from influenza virus-mediated 
lung immunopathology through type I IFN sig- 
naling (table S1). Bacterium-derived dipeptide 
aldehydes mediate cathepsin L inhibition, which 
may enable gut mutualists to stably occupy a niche 
in the phagolysosome and interfere with antigen 
presentation of epithelial or immune cells (28). It 
can be anticipated that these and other, yet-to- 
be-discovered bacterial metabolites may profoundly 
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Fig. 2. Harnessing the microbiome for the discovery of diagnosis and 
therapeutic tools in cancer. The complex interplay between cancer, 
immunity, and microbiota may be partially elucidated by novel “omics” 
technologies: metagenomics, metatranscriptomics, culturomics, 
metabolomics, co-occurrence analyses, and three-dimensional crypt 

stem cell-derived enteroid in contact with distinct species of the microbiome 
and immune subsets, all integrated through computational biology. Such 

an apothecary of omics technologies will generate diagnosis tools for 
dysbiosis, for drug screening and novel therapeutics, such as artificial 
ecosystems or new microbial species, as well as small bioactives that either 
act on the microbiota to induce favorable shifts in its composition or mimic 


influence the host immune system. The genera- 
tion of diagnostic tools and novel therapeutics 
will provide a challenge that will require molec- 
ular analysis of the microbiome, metabolism, and 
immunity cycle via novel “omics” technologies 
and subsequent integration through systems bio- 
logy methods (Fig. 2). 


Microbial interventions 
as a cancer therapeutic 


If patients lack colonization with a community of 
commensal microbes that support endogenous 
T cell priming against tumor antigens, it is some- 
what intuitive to consider FMT from a donor pa- 
tient who has a favorable microbiome. Impressive 
results of FMT (up to 81% response rate) are well 
known to be effective for the treatment of re- 
fractory Clostridium difficile diarrhea (29). How- 
ever, there are multiple critical parameters to 
consider for this approach, most notably the se- 
lection of the ideal donor. In principle, it should 
be an individual with a diverse microbial com- 
position that includes bacteria associated with 
favorable treatment outcomes. One consideration 
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Microbiome therapy 
Fecal microbial transplantation 


Precision medicine 


Computational biologist 


could be to use material from cancer patients that 
had a major clinical response to mAbs to PD-1. 
However, there are reasons to approach this strat- 
egy with caution. In addition to modulating im- 
mune responses, the composition of commensal 
microbiota has been linked to chronic diseases, 
with a theoretical risk of transferring obesity from 
donor to recipient (30). Transfer of pathogens is 
also a potential concern—either bacterial, viral, 
or parasitic—necessitating careful screening. In 
addition, some bacteria appear to contribute to 
inflammation-induced carcinogenesis. FMT from 
colorectal patients into germ-free mice can elicit 
dysplasia and polyp formation, which did not occur 
with transplantation from normal donors (31). 
Additional variables are whether to use fresh or 
frozen donor fecal material, identification of op- 
timal storage conditions, and whether a single FMT 
is sufficient, or multiple will be required (32). 

A desirable alternative to transfer of a mixed 
population of commensal bacteria from a given 
donor is to use defined bacteria, either singly or 
in combination. This strategy will depend on 
identification of the precise bacterial isolates 
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Drug discovery 
Microbiome-derived compounds or 
microbiome -targeted drugs 


desirable microbial effects on the host. Microbial intervention as a 
cancer therapeutic includes prebiotics, probiotics or live bacteria (and 
associated phages), and natural products (autologous or allogeneic fecal 
microbial transplantation). These interventions will have to be adapted 
according to the patient's life style, comorbidities, comedications, and 
genetic inheritance for an optimized personalization of his or her therapy. 
Building on pioneering studies (14, 19, 20), new biomarkers based on 
microbial composition of the stool will likely emerge. Monitoring the 
microbiome will also be essential as a pharmacokinetic and dynamic 
parameter, longitudinally on new interventional studies aimed at 
targeting the intestinal ecosystem. 


capable of supporting improved antitumor immu- 
nity in the human host, combined with culture 
conditions that can support their expansion 
in vitro and encapsulation protocols that preserve 
biologic activity upon oral administration. The 
current 16S rRNA and shotgun sequencing strat- 
egies are likely preferentially detecting the most 
abundant bacteria correlated with favorable clin- 
ical outcome. However, it is conceivable that less 
abundant bacterial entities that coexist with the 
more abundant species are functionally impor- 
tant. Therefore, careful culture, isolation, and mech- 
anistic testing of rare species (some of which may 
reside in the small intestine and be less abundant 
in stool samples) will need to be considered. 
Communities of bacteria also may be involved in 
the immune-potentiating effects of gut microbes, 
rather than a single major species. For protection 
against vancomycin-resistant Enterococci feacium, 
a consortium of five bacteria was identified that 
functioned together in vivo (33). Because only a 
minority of bacterial entities identified through 
sequencing appear to be culturable with standard 
methods, improvement of protocols for optimal 
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SPECIAL SECTION 


CANCER IMMUNOTHERAPY 


in vitro growth will become a critical component 
for moving this strategy forward (Box 1). It is es- 
sential that great care be taken to use actual 
bacterial isolates that have the desired biological 
properties, which will necessitate focusing beyond 
the species and down to the strain level. A panel of 
cultured Bifidobacterium and E. hirae species and 
strains showed major distinctions based on genome 
sequencing, and clearly not all strains will be 
efficacious in vivo (16, 34). Once specific bac- 
teria candidates are identified, then a final chal- 
lenge would be to use preclinical systems for 
functional screening. For in vivo testing, several 
mouse models have been used, including SPF 
mice having defined commensal bacterial com- 
positions or preconditioned with antibiotics, or 
germ-free mice that lack commensals at baseline. 
To date, Bifidobacteria spp. (15, 20), Akkermansia 
muciniphilia (14), E. hirae (16), and Bacteroides 
spp. (13) have been shown to improve antitumor 
T cell responses and support better tumor con- 
trol in vivo. Although it is likely that mice cannot 
support colonization with all commensals that 
have been adapted to the human GI tract—and 
thus represent an imperfect system—it may be 
sufficient to focus on bacteria that do successfully 
thrive in both hosts during these early days of 
therapeutic development. 

One of the striking findings that distinguishes 
cancer patient responders from nonresponders 
after PD-1 blockade immunotherapy is the ratio 
of putatively favorable to unfavorable bacteria 
(20). Thus, it is conceivable that a subset of com- 
mensal organisms have a negative impact on 
immunotherapy efficacy. Strategies aimed at spec- 
ifically eliminating unfavorable bacteria while 
providing immune-potentiating effects should 
be pursued. While standard antibacterial anti- 
biotics may lack specificity and pose a risk, more 
precise strategies are warranted. It is noteworthy 
that bacteriophages can be highly selective for a 
given bacterial species and are already being used 
in the food industry to eliminate unfavorable bac- 
teria (35). Dietary or chemical entities that sup- 
port the colonization and expansion of selected 
bacteria are collectively referred to as prebiotics. 
In principle, prebiotics should favor the relative 
expansion of specific bacterial entities that could 
have a favorable impact on antitumor immunity. 
Much investigation has been done with dietary 
fiber, components of which are metabolized to 
short-chain fatty acids that can have immuno- 
modulatory properties (36). However, prebiotics 
rely on expansion of the types of bacteria that are 
already present in the host or ingested naturally 
over time. Hence, controlling for interpatient 
heterogeneity and experimental variables may 
make pharmacologic development of prebiotics 
as a stand-alone therapy challenging. Combina- 
torial administration of a prebiotic with specific 
bacteria (called “synbiotics”) may be attractive as 
an integrated approach. Dietary interventions 
are already being evaluated for GVHD, with the 
goal of modulating host microbiota (ClinicalTrials. 
gov, NCT02763033). Besides diet interventions, 
other factors such as exercise, concomitant medi- 
cations, and likely sleep cycles can modulate gut 
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microbial composition (37). Therefore, at mini- 
mum these parameters should be tracked in clin- 
ical trial databases and evaluated for correlation 
with efficacy of checkpoint inhibitors and other 
immunotherapies. 


Future challenges and regulatory 
considerations 


The regulation of microbial consumption as a 
category of drug provide a therapeutic challenge. 
In the United States, current commercial pro- 
biotics can be purchased over the counter; how- 
ever, they are only regulated as food products/ 
dietary supplements, not as drugs (38). Yet if the 
intent of the probiotic is to have therapeutic 
impact such as for cancer immunotherapy, then 
the FDA has indicated that development and 
regulation as a drug is indicated, including filing 
of an Investigational New Drug application and 
the usual reporting requirements. General guide- 
lines include the clear identification of the genus 
and species of the probiotic strain, including ge- 
nomic sequencing, potency and mechanistic lab- 
oratory studies, human clinical trials with efficacy 
endpoints, human safety and adverse event eval- 
uation, and potential for infectivity. The latter 
point has been made relevant by studies of the 
yeast-based probiotic Saccharomyces boulardit, 
which has been marketed as a probiotic and also 
investigated for the treatment of C. difficile infec- 
tion. Multiple cases of disseminated infection 
have been identified in apparent association with 
this probiotic, particularly in immune-suppressed 
individuals (39). Future challenges that merge the 
microbiome and oncology fields will include the 
development of rapid and cost-effective methods 
for the diagnosis of intestinal dysbiosis and the 
precise mapping of the biological effects and 
modes of action of pre-, pro-, and synbiotics for 
each cancer type. Addressing these challenges 
should forge a path toward a reproducible way of 
manipulating the intestinal ecosystem for opti- 
mizing precision medicine and improved patient 
survival. 
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psed houses and damagec 


1 month after a series of GEOPHYSICS 
Building better early 
warning systems 


arthquake early warning systems 

are designed to alert the public in 

time to seek shelter before a 

devastating seismic event. Typically, 

they are triggered when a minimum 
threshold of earthquake-related ground 
motion is sensed. However, the time 
required for this motion to reach the 
sensors depends on their distance from 
the earthquake source. Minson et al. found 
that triggering such systems at low levels of 
ground motion provided substantially faster 
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PLANT SCIENCE 
Keeping the 
channels open 


When the rice blast fungus 
enters a rice cell, the plasma 
membrane stays intact, so the 
rice cell remains viable. The 
fungus then moves to adjacent 
cells via plasmodesmata, the 
plant’s intercellular channels. 
Sakulkoo et al. used a chemical 
genetic approach to selectively 
inhibit a single MAP (mitogen- 


activated protein) kinase, Pmk1, 


in the blast fungus. Inhibition of 
Pmk1 trapped the fungus within 
arice cell. Pmk1 regulated the 
expression of a suite of effector 
genes involved in suppression 
of host immunity, allowing the 
fungus to manipulate plasmo- 
desmal conductance. At the 
same time, Pmk1 regulated the 
fungus’s hyphal constriction, 
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which allows movement into 
new host cells. —PJH 
Science, this issue p. 1399 


INFECTION 
Metabolic syndrome, 
leaky guts, and infection 


Metabolic syndrome often 
accompanies obesity and 
hyperglycemia and is associ- 
ated with a breakdown in the 
integrity of the intestinal barrier 
and increased risk of systemic 
infection. Thaiss et a/. found that 
mice with systemic infection of 
a Salmonella analog, Citrobacter 
rodentium, also exhibited hyper- 
glycemia. Deletion of the glucose 
transporter GLUT2 altered 
sensitivity to chemically induced 
epithelial permeability and 
protected mice from pathogen 
invasion. The authors also found 


acorrelation in humans between 
glycated hemoglobin (an indica- 
tor of hyperglycemia) and serum 
levels of pathogen recognition 
receptor ligands. —CA 

Science, this issue p. 1376 


NEURODEVELOPMENT 
Genomic plasticity during 
brain development 


Mice genomes contain many 
mobile retrotransposons. 
Bedrosian et al. analyzed DNA 
from the mouse hippocam- 

pus during development (see 
the Perspective by Song and 
Gleeson). They found that the 
amount of maternal care in the 
first few weeks of a mouse pup’s 
life affected the number of cop- 
ies of the Ll retrotransposon. 
The experience of maternal care 
was thus “recorded” in the DNA 
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warning than waiting until strong ground 
motion was sensed. These results offer a 
foundation for better responses to earth- 
quake hazards in high-risk regions. —KVH 
Sci. Adv. 10.1126/sciadv.aaq0504 (2018). 


of these mice pups during atime 
when the brain was still actively 
developing. —PJH 
Science, this issue p. 1395; 
see also p. 1330 


CONDUCTING POLYMERS 
Moving charges 
with radicals 


Conducting polymers usually 
contain backbones with multiple 
bonds. After chemical doping to 
remove some of the electrons, 
charge carriers can move freely. 
These conjugated backbones 
can also make the polymers rigid 
and hard to process. Joo et al. 
synthesized a redox-active, non- 
conjugated radical polymer that 
exhibited high conductivity (see 
the Perspective by Lutkenhaus). 
The polymer has a low glass tran- 
sition temperature, allowing it to 
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form intermolecular percolation 
networks for electrons. —PDS 
Science, this issue p. 1391; 
see also p. 1334 


CELL BIOLOGY 
Local control of localized 
protein synthesis 


Localized protein synthesis pro- 
vides spatiotemporal precision 
for injury responses and growth 
decisions at remote positions in 
nerve axons. Terenzio et al. show 
that this process is controlled 
by local translation of preexist- 
ing axonal MRNA encoding the 
master regulator mTOR (see the 
Perspective by Riccio). mTOR 
controls both its own synthesis 
and that of most newly synthe- 
sized proteins at axonal injury 
sites, thereby determining the 
subsequent survival and growth 
of the injured neuron. —SMH 
Science, this issue p. 1416; 
see also p. 1331 


MATERIALS SCIENCE 
More than 
just simple folding 


Origami involves folding two- 
dimensional sheets into complex 
three-dimensional objects. 
However, some shapes cannot 
be created using standard folds. 
Faber et al. studied the wing of 
an earwig, which can fold in ways 
not possible using origami and 
can alter its shape for flight. The 


The foldaway wings of an earwig 
inspire materials design. 
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authors replicated this ability 
by using a membrane that allows 
for deformations and variable 
stiffness. Prestretching gener- 
ated energetically bistable 
origami patterns that exhibited 
passive self-folding behavior. 
—MSL 

Science, this issue p. 1386 


CANCER 
For cancer, think 
globally, act locally 


Systemic immunotherapy in 
cancer treatment can have 
major side effects because it 
stimulates the entire immune 
system and is not necessar- 
ily tumor-specific. Surgery, 
aclassic mainstay of cancer 
treatment, has the drawback 
of temporarily suppressing the 
immune response at the site of 
tumor resection. To address both 
concerns, Park et al. designed 
hydrogel scaffolds to gradu- 
ally release agonists of innate 
immunity. They implanted these 
scaffolds into mice at the sites of 
tumor resection. This approach 
was Safe and more effective than 
systemic or even locally injected 
immunotherapy. —YN 

Sci. Transl. Med. 10, eaar1916 (2018). 


CANCER 
An alternate route for 
metastatic cells 


Metastatic tumor cells are 
thought to reach distant organs 
by traveling through the blood 
circulation or the lymphatic 
system. Two studies of mouse 
models now suggest a hybrid 
route for tumor cell dissemina- 
tion. Pereira et al. and Brown et 
al. used distinct methodologies 
to monitor the fate of tumor cells 
in lymph nodes. They found that 
tumor cells could invade local 
blood vessels within a node, exit 
the node by entering the blood 
circulation, then go on to colonize 
the lung. Whether this dissemi- 
nation route occurs in cancer 
patients is unknown; the answer 
could potentially change the way 
that affected lymph nodes are 
treated in cancer. —PAK 

Science, this issue p. 1403, p. 1408 
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PLANT SCIENCE 
Natural variation 
in salt tolerance 


Salt stress in agriculture is 

not just a matter of being near 
the ocean; as much as half of 
irrigated farmland is overly 
salty. Plants have strategies to 
adjust to saline conditions, such 
as reducing sodium uptake or 
altering the architecture of their 
root systems. Julkowska et al. 
analyzed a range of Arabidopsis 
thaliana genotypes to identify 
genetic loci that could drive 
changes in root architecture 

in response to salt. Natural 
variation across 347 A. thaliana 
accessions affected the angle of 
roots and the distribution of bulk 
between main and lateral roots, 
leading to identification of the 
genes responsible. For example, 
variation in gene expression in 
response to salt showed that the 
CYP79B2 (cytochrome P450 
family 79 subfamily B2) gene 
serves to reduce lateral root 
growth in salt-stressed 
conditions. —PJH 
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PHYSICS 
Acircular solution for 
quantum simulation 


Quantum simulation can map 
challenging problems in complex 
materials onto better defined 
ones in simpler, easier-to- 
manipulate systems. Physical 
implementations range from 
trapped ions to superconduct- 
ing qubits, each having distinct 
strengths and weaknesses. 
Nguyen et al. propose a quantum 
simulator that seems to combine 
many of the best features of 
the existing simulators in one 
system, while being within cur- 
rent experimental reach. The 
simulator is based on circular 
Rydberg atoms—with a highly 
excited electron orbiting the 
nucleus along a roughly circular 
path—where the atoms can be 
trapped by laser light, can be read 
out one by one, and have very 
ong lifetimes. The interactions 
between such atoms would make 
it possible to simulate some of 
the most challenging problems in 
many-body physics. —JS 

Phys. Rev. X 8, 011032 (2018). 
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OPTICAL COMMUNICATION 
Faster, faster, faster 


With consumer broadband 
speeds on the rise and the 
prospect of “fiber to the 

home" effectively providing 
access to unlimited bandwidth, 
actual end-user data rates 

will nevertheless be limited by 
the radio-frequency wireless 
routers. One solution (avoiding 
hardwiring) is optical 

wireless communication, 
whereby an optical system 
replaces the wireless link. The 
obvious issue is that gadgets 
inaroom tend to move, anda 
direct line-of-sight connection 
between sender and receiver 
stations is required. Zhang et 
al. propose an optical beam- 
steering scheme that provides 
a sufficiently wide field of view 
and demonstrate a data rate 

of 40 gigabits per second. The 
ability to stream content in high 
definition on multiple devices 
without the “wheel of patience” 
would be a thing of the past. 
—|ISO 


PALEOECOLOGY 


Human impact on 
African forests 


bout 2600 years ago, continu- 
ous forest in western central 
Africa was replaced by a 
mosaic of forest and savanna. 
It has been unclear, however, 
whether this was caused by climate 
change or expansion of the contem- 
porary human population. Using 
a sedimentary record of vegeta- 
tion and hydrological history from 
Cameroon, Garcin et al. confirm the 
key role of humans in this transi- 
tion. Although the pollen record 
indicates an abrupt fragmentation 
of the forest, there is no signature 
of an accompanying hydrological 
change. Nor did the hydrology alter 
500 years later when the landscape 
reverted once more to forest, indi- 
cating a negligible role for climate. 
—AMS 
Proc. Natl. Acad. Sci. U.S.A. 10.1073/ 
pnas.1715336115 (2018). 


CLIMATE EXTREMES 


The chill of 


that there is a clear relationship 
between Arctic temperatures 
and severe winter weather for 


a warming world 


Why have some winters been 
so cold in some of the north- 
ern midlatitudes, even though 
global climate is getting hotter? 
Paradoxically, the answer may 
be that the Arctic itself is warm- 
ing so quickly. Cohen et al. show 


the United States over the past 
two decades and that severe 
winter weather in the eastern 
United States has become more 
frequent as Arctic temperatures 
have risen. Although they were 
not included in the analysis, this 
relationship is likely valid for 


& * 


northern Europe and East Asia 
as well. —HJS 
Nat. Commun. 10.1038/s41467-018- 
02992-9 (2018). 


NEUROGENESIS 
Neurogenesis and 
the sleeping fly 


As we have all experienced, the 
body's alertness, cognitive abili- 
ties, and stress threshold depend 
on obtaining sufficient sleep. 
But why? Studies suggest that 
sleep is needed to set up the right 
brain connections. Szuperak et 
al. looked at the earliest stages of 
sleep by monitoring fruitfly larvae. 
To test for periods of rest, or 
sleep, they tried to arouse larvae 
by exposing them to a bright light. 
Fly larvae were indeed aroused 
from periods of rest, and as a 
result of this sleep disruption, 
they slept more at a later time, 
like other animals. Sleep-deprived 
larvae also showed decreased 
neurogenesis. This work suggests 
that flies may be a model for 
sleep, with possible implications 
for brain development. —BAP 
eLife 10.7554/eLife.33220.001 (2018). 


BIOPHYSICS 
Cell geometry regulates 


differentiation 

The size and shape (geometry) 
of cells regulate tension on the 
cytoskeleton and the contractility 
of the cell membrane. von Erlach 
et al. show that mesenchymal 
stem cells grown in different 
shapes have varying amounts of 
cell membrane microdomains 
known as lipid rafts. These are 
thought to be focal points for 
membrane-associated signaling, 
and the authors demonstrate 
that their occurrence was depen- 
dent on cytoskeletal contraction 
and cell geometry. Activation 

of signaling by the AKT kinase 
occurred at lipid rafts, and this 
was dependent on cell geometry 
and membrane contractility. 
Interestingly, AKT activation 

at lipid rafts was an important 
determinant of mesenchymal 
stem cell lineage, once differenti- 
ated. —GKA 
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The blizzard Jonas of 2016, in the Bronx, New York, USA 


Opt. Lett. 43, 723 (2018). Nat. Mater. 17, 237 (2018). 
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INORGANIC CHEMISTRY 
Silicon clears a wet path 
to phosphines 


Phosphoric acid is produced 
ona massive scale for fertil- 
izer by treating phosphate rock 
with sulfuric acid. In contrast, 
preparation of more elabo- 
rate phosphorus compounds 
used in chemical catalysis, 
pharmaceutical, and battery 
applications requires laborious 
generation and chlorination of 
elemental phosphorus. Geeson 
and Cummins now show that 
phosphoric acid may also be 
a practical source of such 
compounds (see the Perspective 
by Protasiewicz). They isolated 
and characterized a phosphide 
salt derived from treatment of 
dehydrated phosphoric acid 
with trichlorosilane, a compound 
already used at the commercial 
scale to produce high-purity 
silicon. The salt proved to bea 
versatile precursor for a range of 
alkylated and fluorinated phos- 
phorus compounds. —JSY 
Science, this issue p. 1383; 
see also p. 1333 


BIOCHEMISTRY 
Using iron to generate 
a copper ligand 


Many microbial enzymes are 
metal-dependent, and the 
microbe must acquire scarce 
metals from the environment. 
Microbes that use methane as 

a carbon source have a copper- 
dependent enzyme that oxidizes 
the methane. Peptides known 

as methanobactins (Mbns) 
acquire copper by using a pair of 
ligands comprising a nitrogen- 
containing ring and an adjacent 
thioamide. Kenney et al. describe 
the biosynthetic machinery 

that adds the copper-binding 
groups to a precursor peptide. 
This involves a complex of two 
homologs: MbnB, a member of 
a functionally uncharacterized 
protein family that includes a 
diiron cluster, and MbnC, which 
is even less well characterized. 


The iron cofactor is required 

for ligand synthesis. MbnB and 
MbnC homologs are encoded in 
many genomes, suggesting that 
they may have roles beyond Mbn 
biosynthesis. —VV 


Science, this issue p. 1411 


NEURODEGENERATION 
Pinpointing amyloid’s 
toxicity 
Alzheimer’s disease patients 
have decreased activity of 
the peptidyl-prolyl cis-trans 
isomerase Pinl, an enzyme 
that structurally alters phos- 
phorylated proteins and reduces 
amyloid-8 (AB) production. 
Using mouse models of 
Alzheimer’s disease, Stallings 
et al. found that Pinl was 
dephosphorylated and inac- 
tivated by the phosphatase 
calcineurin, which is stimu- 
lated by AB-induced changes 
in Ca** signaling. AB-induced 
dendritic spine loss, which 
underlies the synaptic dysfunc- 
tion in Alzheimer's disease, was 
prevented by treating mice with 
the calcineurin inhibitor FK506, 
an immunosuppressant that 
reduces organ transplant rejec- 
tion. —LKF 

Sci. Signal. 11, eaap8734 (2018). 


CLIMATE 
How green is 
burning wood? 


To fulfill its renewable energy 
pledges, the European Union is 
increasingly using wood rather 
than coal to fuel power stations. 
In a Perspective, Schlesinger 
cautions that this policy is hav- 
ing unintended consequences. 
This is particularly so in the 
southeastern United States, 
from which millions of tons 

of wood pellets are shipped 

to Europe each year. Wood is 
only a carbon-neutral fuel if the 
areas from which it is harvested 
can fully regrow. Offsetting the 
carbon used in production and 
transport requires additional 
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biomass to accumulate on the 
land after harvest. Furthermore, 
carbon emissions from wood 
burning enter the atmosphere 
now, whereas forest growth 
removes carbon from the atmo- 
sphere over the course of several 
decades. —JFU 

Science, this issue p. 1328 


METABOLISM 
An emerging target 
for vascular diseases 


Various pathologies, including 
cancer and ocular diseases, are 
associated with hypervascular- 
ization—a localized increase in 
blood vessels. Recent studies 
have revealed the importance of 
metabolism in driving endo- 
thelial cell activity to form new 
blood vessels (angiogenesis). In 
a Perspective, Li and Carmeliet 
discuss the therapeutic oppor- 
tunities to target metabolic 
pathways in endothelial cells 
to disrupt or promote vascu- 
larization in a range of different 
pathological conditions. —GKA 
Science, this issue p. 1335 
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INFECTION 


Hyperglycemia drives intestinal 
barrier dysfunction and risk for 


enteric infection 


Christoph A. Thaiss,’ Maayan Levy,' Inna Grosheva,” Danping Zheng,’ Eliran Soffer,* 
Eran Blacher,’ Sofia Braverman,’ Anouk C. Tengeler,’ Oren Barak,”? Maya Elazar,* 
Rotem Ben-Zeev,' Dana Lehavi-Regev,' Meirav N. Katz," Meirav Pevsner-Fischer,* 

Arieh Gertler,* Zamir Halpern,”®” Alon Harmelin,® Suhail Aamar,® Patricia Serradas,’° 
Alexandra Grosfeld,’® Hagit Shapiro,’ Benjamin Geiger,” Eran Elinav'* 


Obesity, diabetes, and related manifestations are associated with an enhanced, but poorly 
understood, risk for mucosal infection and systemic inflammation. Here, we show in mouse 
models of obesity and diabetes that hyperglycemia drives intestinal barrier permeability, 
through GLUT2-dependent transcriptional reprogramming of intestinal epithelial cells and 
alteration of tight and adherence junction integrity. Consequently, hyperglycemia-mediated 
barrier disruption leads to systemic influx of microbial products and enhanced dissemination 
of enteric infection. Treatment of hyperglycemia, intestinal epithelial—-specific GLUT2 
deletion, or inhibition of glucose metabolism restores barrier function and bacterial 
containment. In humans, systemic influx of intestinal microbiome products correlates with 
individualized glycemic control, indicated by glycated hemoglobin levels. Together, our results 
mechanistically link hyperglycemia and intestinal barrier function with systemic infectious 
and inflammatory consequences of obesity and diabetes. 


he obesity pandemic has reached alarming 

magnitudes, affecting more than 2 billion 

people worldwide and accounting for more 

than 3 million deaths per year (7). A poorly 

understood feature of the “metabolic syn- 
drome?” is its association with dysfunctions of the 
intestinal barrier, leading to enhanced perme- 
ability and translocation of microbial molecules 
to the intestinal lamina propria and systemic cir- 
culation (2). This influx of immune-stimulatory 
microbial ligands into the vasculature, in turn, 
has been suggested to underlie the chronic in- 
flammatory processes that are frequently observed 
in obesity and its complications (3), while entry of 
pathogens and pathobionts through an impaired 
barrier leads to an enhanced risk of infection in 
obese and diabetic individuals (4, 5), particularly 
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at mucosal sites (6). However, the mechanistic 
basis for barrier dysfunction accompanying the 
metabolic syndrome remains poorly understood. 
Beyond metabolic disease, enhanced intestinal 
permeability has also been linked with systemic 
inflammation in a variety of conditions, including 
cancer (7), neurodegeneration (8), and aging (9). 
Thus, there is an urgent scientific need to better 
define the molecular and cellular orchestrators 
and disruptors of intestinal barrier function, to 
devise strategies to counteract the detrimental 
systemic consequences of gut barrier alterations. 


Obesity is associated with, but 
not required for, intestinal 
barrier dysfunction 


We began our investigation of the drivers of 
gastrointestinal barrier dysfunction in obesity 
by hypothesizing that the adipokine leptin, a 
major orchestrator of mammalian satiety, may 
act as an obesity-associated regulator of barrier 
integrity. Leptin deficiency and resistance to 
leptin signaling are strongly associated with 
morbid obesity in mice and humans, and both 
leptin deficiency and resistance were previously 
suggested to contribute to intestinal barrier dys- 
function and susceptibility to enteric infection 
(10-13). We used a mouse model featuring genetic 
dysfunction of the leptin receptor (LepR), leading 
to hyperphagia and morbid obesity (db/db, fig. 
S1A). Indeed, we detected elevated amounts of 
microbial pattern recognition receptor (PRR) 
ligands at multiple systemic sites in leptin- 
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unresponsive db/db mice (Fig. 1, A to C), indic- 
ative of enhanced influx of gut commensal-derived 
products. A similar phenomenon was observed in 
leptin-deficient mice (ob/ob, fig. S1, B and C). To 
gain insight into the molecular signatures accom- 
panying barrier dysfunction under aberrant leptin 
signaling, we performed RNA sequencing of 
colonic tissue, obtained from db/db mice and 
their wild-type (WT) littermates under steady- 
state conditions. Leptin unresponsiveness was 
associated with global alterations of transcription 
(fig. S1D), with several hundred genes featuring 
differential expression between both groups (fig. 
SIE). Among the genes whose expression was 
most strongly abrogated in obese mice were 
members of the tight and adherence junction 
structures (fig. SIF), protein complexes that in- 
hibit paracellular flux of intestinal molecules 
into the lamina propria (74). Consequently, tight 
junction integrity was compromised in db/db 
mice (Fig. 1, D and E), leading to enhanced influx 
of luminal molecules and electrical current mea- 
sured across the epithelial layer (Fig. 1, F and G). 

To determine the consequences of barrier dys- 
function in leptin-resistant mice, we used the 
murine Citrobacter rodentium model simulat- 
ing human enteropathogenic Escherichia coli 
infection (15). A bioluminescent variant of 
C. rodentium allowed us to noninvasively track 
infection in vivo (16). In WT mice, C. rodentium 
caused a self-limiting, mainly gut-contained in- 
fection (Fig. 1, H to L). In contrast, db/db mice 
did not clear the pathogen from their intestine 
(Fig. 1, H and I), in line with previous reports (12). 
Notably, db/db mice also showed a significantly 
enhanced bacterial attachment to the intestinal 
wall (fig. S1, G and H) and featured C. rodentium 
colonization at systemic sites (Fig. 1, J to L, and 
fig. S11). Similar susceptibility to C. rodentium 
was noted for leptin-deficient 0b/ob mice (fig. 
S1, J to N). 

To understand which cell type was responsible 
for LepR-mediated protection from enteric infec- 
tion, we generated bone marrow chimeras, in 
which WT and db/db mice were used as either 
recipients or donors of bone marrow trans- 
planted into lethally irradiated mice. Exacerbated 
infection and systemic spread of C. rodentium was 
observed whenever the bone marrow recipient 
was LepR-deficient, regardless of the source of 
bone marrow (Fig. 1, M and N, and fig. S10), in- 
dicating that the nonhematopoietic compartment 
mediated resistance against infection. LepR ex- 
pression on nonhematopoietic cells has been re- 
ported in multiple tissues, including the gut, 
liver, and most prominently the nervous system 
(17). Mice lacking LepR in intestinal epithelial 
cells (Villin-Cre:LepR™*) or hepatocytes (Albumin- 
Cre:LepR"") did not show any signs of enhanced 
susceptibility to C. rodentium infection (fig. S2, A 
to F), whereas mice with LepR deficiency specif- 
ically in the nervous system (Nestin-Cre:LepR”/") 
featured an exacerbated (fig. S2, G to I), yet highly 
variable (fig. S2, J to O), bacterial growth. To fur- 
ther explore the possibility of neuronal leptin sig- 
naling driving barrier dysfunction and risk of 
infection, we generated mice with a specific 
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deletion of LepR in the paraventricular hypo- 
thalamus (Sim1-Cre:LepR™ 4) in the ventromedial 
hypothalamus (SFI-Cre:LepR™"), in cholinergic 
neurons (ChAT-Cre:LepR™ my. and in the arcuate 
nucleus of the hypothalamus (POMC-Cre:LepR™” 
and AgRP-Cre:LepR™”) and infected them with 
C. rodentium. However, none of these mice showed 
enhanced susceptibility to pathogenic invasion 
when compared to littermate controls (fig. $3, A 
to O). Collectively, these results suggested that 
leptin deficiency per se might not provide a suf- 
ficient explanation to barrier dysfunction and 
enhanced risk of enteric infection. 

A feature common to all leptin- and LepR- 
deficient mice exhibiting an impaired barrier 
function and enhanced C. rodentium dissemi- 
nation in our studies (db/db, ob/ob and Nestin- 
Cre:LepR™") was their tendency to develop obesity. 
We therefore hypothesized that an obesity-related 
factor distinct from leptin signaling may pre- 


dispose these mice to impaired barrier function 
and exacerbated intestinal infection. Thus, to com- 
plement the above genetic models of obesity, we 
fed WT mice a high-fat diet (HFD) to induce 
weight gain (fig. S4A). Similarly to obese leptin- 
and LepR-deficient mice, HFD-fed obese mice 
showed elevated steady-state systemic PRR lig- 
and influx (Fig. 2A), as well as exacerbated 
C. rodentium infection and systemic dissemina- 
tion (Fig. 2, B to E, and fig. S4B). To further test 
whether obesity is the major driver for barrier 
dysfunction and impaired C. rodentium contain- 
ment in LepR-deficient mice, we performed paired- 
feeding experiments, in which the food access for 
db/db mice was restricted to the amount con- 
sumed by their WT littermates, thereby equaliz- 
ing body weight between both groups (Fig. 2F). 
Surprisingly, even after weight reduction to con- 
trol levels, lean db/db mice were still unable to 
cope with C. rodentiwm infection (Fig. 2, G and 
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H), ruling out that obesity per se was directly 
driving barrier dysfunction and risk for enteric 
infection in these mice. The lack of a direct causal 
relationship between obesity and barrier dys- 
function was further supported by experiments 
using a chemical inhibitor of leptin signaling 
(18), which rendered WT mice susceptible to 
exacerbated infection and systemic bacterial 
spread even before the onset of marked obesity 
(Fig. 2, I to L, and fig. S4, C to F). Together, these 
data indicated that neither leptin signaling nor 
obesity per se sufficiently explain the severity of 
barrier dysfunction and systemic enteric infec- 
tion in mice with the metabolic syndrome. 

In search of a unifying explanation for the 
above results in multiple mouse models of ge- 
netic and acquired obesity and leptin deficiency, 
we investigated other common features of the 
metabolic syndrome that could potentially contrib- 
ute to barrier dysfunction. One such manifestation 
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Fig. 1. Obesity is associated with intestinal barrier dysfunction and 
enteric infection. (A to C) PRR stimulation by sera (A) and splenic 

(B) and hepatic extracts (C) from db/db mice and WT littermates. (D and 
E) ZO-1 staining (D) and quantification (E) of colonic sections from 
db/db mice and WT littermates. Scale bars, 100 um. (F) FITC (fluorescein 
isothiocyanate)—dextran recovered from the serum of db/db mice and WT 
littermates after oral gavage. (G) Ussing chamber recording of colons from 
db/db mice and controls. (H to L) Abdominal luminescence (H and 1) and 
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colony-forming units (CFUs) recovered from mesenteric lymph 

nodes (J), spleens (K), and livers (L) from db/db mice infected 

with C. rodentium. (M and N) Total abdominal luminescence 

(M) and epithelial-adherent colonies (N) of C. rodentium in bone 
marrow chimeras of db/db and WT mice. All data represent at 

least two independent experiments. Means + SEM are plotted. 

*P < 0.05, **P < 0.01, ****P < 0.0001 by analysis of variance (ANOVA) 
(N) or Mann-Whitney U test (all other panels). ns, not significant. 
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of the metabolic syndrome, typically accompany- 
ing obesity and potentially contributing to barrier 
dysfunction, is glucose intolerance and resultant 
hyperglycemia. Notably, all mice featuring marked 
susceptibility C. rodentium infection, including 
obese db/db, pair-fed lean db/db mice, Nestin-Cre: 
LepR™ 1 mice, mice fed a HFD, and mice treated 
with leptin antagonist, showed elevated blood 
glucose concentrations (Fig. 2, M to O, and fig. S4, 
Gand H). In contrast, all mouse groups and models 
that did not develop enhanced C. rodentium sus- 
ceptibility (Villin-Cre:LepR”", Albumin-Cre: 
LepR™", Sim1-Cre:LepR", SF1-Cre:LepR™", ChAT- 
Cre:LepR"/", POMC-Cre:LepR™", and AgRP-Cre: 
LepR"”, as well as those Nestin-Cre:LepR™" mice 
that did not feature a tendency for severe infec- 
tion) collectively showed normoglycemic levels 
(fig. S4, I and J). Together, these results suggested 
that hyperglycemia, rather than obesity or altera- 
tions in leptin signaling, may predispose to barrier 


dysfunction leading to enhanced enteric infection 
in the setup of the metabolic syndrome in mice. 


Hyperglycemia drives intestinal 
barrier disruption 


To test whether elevated glucose concentrations 
were causally involved in host defense against 
intestinal infection, we induced hyperglycemia 
in the absence of obesity in a mouse model of 
type 1 diabetes mellitus through administration 
of streptozotocin [STZ (19), fig. S5A]. Indeed, 
STZ-treated mice developed severe C. rodentium 
infection and systemic translocation, accompanied 
by enhanced bacterial growth, epithelial adherence, 
and systemic spread (Fig. 3, A to E). STZ treatment 
also resulted in dysfunction of intestinal epithelial 
adherence junctions under steady-state conditions 
(Fig. 3, F and G), coupled with systemic dissemina- 
tion of microbial products (fig. $5, B and C), and 
enhanced transepithelial flux (Fig. 3, H and I). 


Oral antibiotic treatment prevented the detec- 
tion of bacterial products at systemic sites in 
STZ-treated mice (Fig. 3, J to L), demonstrating 
that the intestinal microbiota was the probable 
source of disseminated microbial molecules. In 
contrast to the load of bacterial products at distal 
organs (fig. S5D), the microbial load in the in- 
testinal lumen was unaffected by hyperglycemia 
(fig. SSE). We next sought to test the possibility 
that barrier dysfunction in STZ-treated mice was 
mediated by compositional microbiota alterations. 
Indeed, 16S ribosomal DNA (rDNA) sequencing 
revealed a taxonomic change in the configuration 
of the intestinal microbiota of hyperglycemic mice, 
which was corrected by insulin treatment and 
resultant normalization of serum glucose concen- 
trations (fig. S6, A to D). However, these compo- 
sitional microbial changes did not seem to play a 
critical role in glucose-mediated barrier dysfunc- 
tion, as microbiota transfer from STZ-treated 
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Fig. 2. Obesity does not suffice to explain susceptibility to enteric 
infection. (A) PRR stimulation by splenic extracts from mice fed a high-fat 
diet (HFD). (B to E) Abdominal luminescence (B) and CFUs recovered 
from colonic tissue (C), spleens (D), and livers (E) of HFD-fed mice infected 
with luminescent C. rodentium. (F to H) Body weight (F), C. rodentium 
luminescence (G), and C. rodentium-induced mortality (H) in paired-fed 
db/db mice and controls. (I to L) Total abdominal luminescence signals (I) 
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and live CFUs recovered from colonic tissue (J), mesenteric lymph nodes, 
(K) and livers (L) from leptin antagonist (LeptAnt)-treated mice infected with 
bioluminescent C. rodentium. (M to O) Blood glucose concentrations in 
paired-fed db/db mice (M), HFD-fed mice (N), and LeptAnt-treated mice 
(QO). All data represent at least two independent experiments. Means + SEM 
are plotted. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA 
(F and M) or Mann-Whitney U test (all other panels). 
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donors and controls to normoglycemic germ-free 
mice neither induced dissemination of bacterial 
products to systemic sites (fig. S6E) nor increased 
susceptibility to C. rodentium infection (fig. S6, F 
to J). These data indicate that although the com- 
mensal microbiota serves as the reservoir of micro- 
bial molecules that translocate to the systemic 
circulation upon disruption of the intestinal 
barrier, compositional microbiota alterations 
arising under hyperglycemic conditions do not 
directly affect barrier integrity. 

To corroborate the specificity of hyperglycemia 
as a driver of susceptibility to intestinal infection, 
we used hyperglycemic Akita mice (fig. S7A), an 
STZ-independent model of type I diabetes mellitus 
that harbors a spontaneous mutation in the gene 
encoding insulin 2 (20). As in STZ-treated mice, 
we observed in this model elevated C. rodentium 
growth and pathogenic translocation to systemic 
tissues (Fig. 3, M and N, and fig. S7, B and C). To 
further validate the specific impact of hyperglycemia 
as a driver of the barrier dysfunction phenotype, 
we administered 0.25 U per day of insulin to STZ- 


Control 


treated mice via hyperosmotic pumps for 4 weeks, 
which restored normoglycemic levels (fig. S7D). 
Treatment with insulin also prevented the loss of 
adherence junction integrity (Fig. 4A and fig. S7E), 
systemic dissemination of microbial products 
(Fig. 4B), and enhanced C. rodentium growth and 
pathogenic translocation (Fig. 4, C and D). Together, 
these experiments establish hyperglycemia as a 
direct and specific cause for intestinal barrier dys- 
function and susceptibility to enteric infection. 


Hyperglycemia reprograms intestinal 
epithelial cells 


To determine whether glucose acted directly on 
intestinal epithelial cells to affect barrier func- 
tion, we used an in vitro system of cultured intes- 
tinal epithelial (Caco-2) cells exposed to different 
concentrations of glucose in the culture medium. 
We assessed tight junction integrity through 
automated high-throughput analysis of ZO-1 stain- 
ing patterns. Indeed, glucose induced barrier al- 
terations in a dose- and time-dependent manner, 
manifesting visually as increased tortuosity and 
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Fig. 3. Hyperglycemia causes susceptibility to enteric infection. 
(A to E) Abdominal luminescence (A and B) and CFUs recovered from colonic 


tissue (C), spleens (D), and livers (E) from STZ-trea 


bioluminescent C. rodentium. (F and G) E-cadherin staining (F) and 
quantification (G) of colons from STZ-treated mice and controls. Scale bars, 


25 um. (H) Ussing chamber recordings from colons 


and controls. (I) FITC-dextran recovered from the serum of STZ-treated mice 
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altered appearance of cell-cell junctions (Fig. 4, E 
to H). To investigate the mechanisms by which 
elevated blood glucose concentrations compro- 
mise intestinal epithelial cell function in vivo, 
we performed RNA sequencing of purified intestinal 
epithelial cells from STZ-treated mice and con- 
trols. Global reprogramming of the epithelial 
transcriptome was detected in hyperglycemic mice 
(Fig. 4D, in which more than 1000 genes were dif- 
ferentially expressed compared to vehicle-treated 
controls (Fig. 4J). These genes were predominantly 
involved in metabolic pathways, and specifically in 
N-glycan biosynthesis and pentose-glucuronate 
interconversion (Fig. 4K), two intracellular func- 
tions critically involved in the maintenance of 
epithelial barrier function (27-29). For example, 
hyperglycemia affected the entire pathway of pro- 
tein N-glycosylation by provoking marked down- 
regulation of central genes (Fig. 4L and fig. S8). In 
contrast, epithelial proliferation or cell death were 
not affected by STZ treatment (fig. S9, A to D). 
In addition to the above epithelial changes, 
hyperglycemia modestly affected the intestinal 
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after oral gavage. (J) Detection of 16S rDNA in livers of STZ- and Abx-treated 
mice. (K and L) PRR stimulation by sera (K) and hepatic extracts (L) from 
STZ-treated mice and controls, with or without antibiotic (Abx) treatment. 
(M and N) Abdominal luminescence (M) and hepatic CFUs (N) from 

C. rodentium-infected Akita mice. All data represent at least two independent 
experiments. Means + SEM are plotted. *P < 0.05, ***P < 0.001, ****P < 
0.0001 by ANOVA (J) or Mann-Whitney U test (all other panels). 
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Fig. 4. Hyperglycemia alters intestinal epithelial cell function. 

(A and B) Colonic E-cadherin intensity (A) and PRR ligand stimulation 
by sera (B) from STZ-treated mice and controls, with or without insulin 
administration. (© and D) Abdominal luminescence (C) and CFUs 
recovered from the spleen (D) of STZ- and insulin-treated mice after 
C. rodentium infection. (E to H) Quantification of barrier tortuosity 

(E and G) and representative ZO-1 staining (F and H) of Caco-2 cells 


and splenic immune system, specifically by causing 
an increased representation of myeloid cells (fig. 
$10, A to J), in line with previous reports (30). 
However, STZ treatment did not provoke an 
overt inflammatory state in the intestine (fig. 
S11, A to E). In particular, cytokines involved in 
interleukin-22 (IL-22)-mediated barrier function 
and host defense, which has been implicated in 
the susceptibility of obese mice to infection (72), 
were unaltered, as was the epithelial transcrip- 
tional response to IL-22 (fig. SIIF). Indeed, hy- 
perglycemia and IL-22 appeared to have additive 
effects in mediating host defense against 
C. rodentium, because STZ-treated IL-22-deficient 
mice featured accelerated bacterial growth and 
mortality when compared to IL-22-deficient con- 
trols (fig. S11, G and H). We further compared the 
involvement of epithelial and immune cells in 
host defense against another gastrointestinal 
pathogen, Salmonella Typhimurium. STZ-treated 
mice orally infected with Salmonella showed en- 
hanced systemic colonization, whereas intestinal 
luminal growth was comparable to that of vehicle- 
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treated controls (fig. S12, A to E). In contrast to 
this marked susceptibility of STZ-treated mice to 
oral Salmonella Typhimurium infection, suscep- 
tibility of these mice to systemic infection was 
only apparent in the liver (fig. S12, F to H). Notably, 
systemic infection with Salmonella caused en- 
hanced intestinal colonization in STZ-treated 
mice, potentially indicative of retrograde spread 
of bacteria across a compromised barrier (fig. 
$12, I and J). 


Epithelial reprogramming by 
hyperglycemia involves glucose 
metabolism and GLUT2 


We next assessed whether epithelial glucose me- 
tabolism was involved in the transcriptional 
reprogramming of STZ-treated mice. Isolated in- 
testinal epithelial cells from hyperglycemic mice 
featured elevated amounts of metabolites along 
the glycolytic cascade (fig. S13A). Inhibition of 
glucose metabolism via 2-deoxyglucose (2-DG) 
rescued glucose-induced barrier aberrations in 
vitro in a dose-dependent manner (Fig. 5, A to 
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treated with different concentrations and exposure times of glucose. 
Scale bars, 10 um. (I to K) Principal component analysis (1), heatmap 
(J), and pathway annotation (K) of differentially expressed genes in the 
epithelium of STZ-treated mice and controls. (L) Differentially expressed 
genes contributing to N-glycan biosynthesis. All data represent at 

least two independent experiments. Means + SEM are plotted. **P < 0.01, 
****P < 0.001 by ANOVA. 


C). In addition, 2-DG administration blocked 
transcriptional reprogramming in STZ-treated 
mice (Fig. 5D and fig. S13B), including the N- 
glycan pathway (fig. S13C); prevented the sys- 
temic dissemination of microbial products (Fig. 
5, E and F); and restored host defense against 
C. rodentium (Fig. 5G and fig. S13, D to F). Bacterial 
growth in the intestinal lumen was unaffected by 
2-DG treatment (fig. S13G). To test whether 2-DG 
could be used to counteract hyperglycemia- 
mediated loss of barrier integrity beyond the STZ 
model, we administered 2-DG to C. rodentium- 
infected db/db mice and assessed its impact on 
systemic dissemination of the pathogen. Notably, 
the detectable pathogen load in the mesenteric 
lymph nodes, spleens, and livers of 2-DG-treated 
db/db mice was strongly reduced under 2-DG 
treatment (Fig. 5H and fig. S13, H and I). To- 
gether, these data suggest that glucose-mediated 
reprogramming of epithelial cell metabolic func- 
tion leads to transcriptional alterations, abroga- 
tion of the intestinal barrier, and impaired host 
defense against enteric infection. 
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Fig. 5. Epithelial reprogramming by hyperglycemia involves glucose 
metabolism and GLUT2. (A to C) Quantification of barrier tortuosity 


(A and C) and representative ZO-1 staining (B) of Caco-2 cells treated with the 


indicated concentrations of glucose and 2-deoxyglucose (2-DG). Scale bars, 
10 um. (D) Similarity matrix of the epithelial transcriptomes of STZ-treated 
mice, with or without 2-DG administration. (E and F) PRR stimulation by 


hepatic extracts (E) and sera (F) from STZ-treated mice, with or without 2-DG 


administration. (G and H) Splenic CFUs from C. rodentium—infected and 
2-DG-treated STZ (G) and db/db mice (H). (I to K) Colonic ZO-1 (I) and 


E-cadherin intensity (J) and PRR stimulation by hepatic extracts (K) from STZ- 


treated GLUT2“©° mice and controls. (L) CFUs recovered from spleens of 


STZ-treated GLUT2“'©° mice and controls infected with C. rodentium. All data 


represent at least two independent experiments. Means + SEM are plotted. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by ANOVA. 


Glucose transport between the intestinal 
epithelium and circulation is mediated by the 
bidirectional glucose transporter GLUT2 (37). 
To determine the role of this transporter in 
hyperglycemia-mediated epithelial reprogramming, 
we next used mice selectively lacking GLUT2 in 
intestinal epithelial cells (GLUT2*"°) (32) and 
induced hyperglycemia in these mice by STZ 
administration. Indeed, GLUT2“° mice were 
resistant to STZ-induced transcriptional repro- 
gramming and retained epithelial transcriptomes 
similar to those of controls (fig. S14, A and B). 
GLUT2“¢ mice also retained intact tight and 
adherence junction complexes (Fig. 5, I and J, 
and fig. S14, C and D), reduced transepithelial 
flux (fig. SI4E), and intestinal containment of 
microbial PRR ligands (Fig. 5K), despite sustained 
STZ-induced hyperglycemia (fig. S14F). Ablation 
of GLUT2 also ameliorated the STZ-induced sus- 
ceptibility to C. rodentium growth and systemic 
dissemination (Fig. 5 L, and fig. $14, G to I). Col- 
lectively, these results indicate that GLUT2 is in- 
volved in the hyperglycemia-induced metabolic 
and transcriptional alterations in intestinal epi- 
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thelial cells, resulting in barrier dysfunction and 
microbial translocation to the systemic circulation. 


Blood glucose concentrations are 
associated with microbial product influx 
in humans 


Finally, we sought to determine whether glyce- 
mic levels similarly correlate with intestinal bar- 
rier function in humans. To this end, we recruited 
27 healthy individuals (fig. S15, A and B) and 
performed measurements of multiple serum pa- 
rameters and microbial products in the circula- 
tion. Of all variables measured, hemoglobin Alc 
(HbAIc), indicative of an individual’s 3-month 
average plasma glucose concentration, showed 
the strongest correlation with serum levels of 
PRR ligands (Fig. 6, A to C, and fig. S15, C to E). 
In contrast, high body mass index and other 
hallmarks of metabolic disease did not signif- 
icantly associate with the influx of microbial 
products (Fig. 6, A and B, and fig. SI5F). Total stool 
bacterial content did not correlate with HbAIc 
levels (fig. S15G). Together, these data suggest that 
similar to their effects in mice, serum glucose 


23 March 2018 


concentrations, rather than obesity, may associ- 
ate with or potentially even drive intestinal bar- 
rier dysfunction in humans. 


Discussion 


Serum glucose is among the most strictly con- 
trolled physiological variables of organismal 
homeostasis. Chronically elevated glucose concen- 
trations, as observed in diabetes mellitus, obesity, 
and associated metabolic disorders, such as non- 
alcoholic fatty liver disease, result from altered 
homeostatic set points of the tightly regulated 
normoglycemic levels (33). Long-standing hyper- 
glycemia, in turn, leads to a myriad of potentially 
devastating biochemical and physiological conse- 
quences, such as the generation of advanced 
glycation end products, pancreatic glucose toxic- 
ity (34, 35), macrovascular and microvascular 
complications affecting virtually every organ (36), 
risk of infection (37), and enhanced mortality (38). 

In this study, we have identified glucose as an 
orchestrator of intestinal barrier function. Hyper- 
glycemia markedly interfered with homeostatic 
epithelial integrity, leading to abnormal influx of 
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Fig. 6. Hyperglycemia is associated with influx of microbial products in 
humans. (A and B) Correlation matrix (A) and average correlations with 


immune-stimulatory microbial products and a 
propensity for systemic spread of enteric patho- 
gens. Our results indicate that hyperglycemia 
causes retrograde transport of glucose into in- 
testinal epithelial cells via GLUT2, followed by 
alterations in intracellular glucose metabolism 
and transcriptional reprogramming (fig. S16). 
One of the most strongly affected pathways by 
hyperglycemia in our study involves the N- 
glycosylation of proteins in the endoplasmic re- 
ticulum and Golgi apparatus, which has been 
implicated as a key regulator of a multitude of 
epithelial functions (25). Although our study 
focused on the impact of systemic glucose con- 
centrations on the intestinal barrier, similar ef- 
fects might be caused by a high-glucose diet, 
which may affect intestinal epithelial cells in a 
similar manner, potentially resulting in diet- 
induced alterations of barrier function. Such 
potential physiologically important dietary effects 
on barrier function merit further studies. Further- 
more, the impact of hyperglycemia on epithelial 
barrier function might be relevant beyond the 
gastrointestinal tract and affect other mucosal 
surfaces, such as the respiratory tract, as was 
indicated by a recent study of close to 70,000 
diabetes patients highlighting a positive corre- 
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lation between HbAIc values and a variety of 
mucosal community- and hospital-acquired in- 
fections (39). 

Collectively, our findings provide a potential 
molecular explanation for altered barrier func- 
tion in the context of the metabolic syndrome 
and the resultant enhanced mucosal infection 
noted in patients suffering from obesity (5) and 
diabetes mellitus (40). Furthermore, the link that 
we highlight between hyperglycemia and gut bar- 
rier alterations may provide a mechanistic basis 
for a variety of seemingly unrelated inflammatory 
manifestations, complications, and associations 
of the metabolic syndrome—collectively termed 
“metaflammation” or “para-inflammation” (41, 42). 
Examples of these include adipose tissue inflam- 
mation driving exacerbated obesity and glucose 
intolerance (43), nonalcoholic fatty liver disease 
progressing to detrimental nonalcoholic steato- 
hepatitis (44), inflammation contributing to ath- 
erosclerosis and associated cardiovascular disease 
(45), and even recently suggested associations 
between the metabolic syndrome and neuro- 
degeneration (46). Ultimately, our results may 
present the starting point for harnessing glucose 
metabolism or other regulators of intestinal bar- 
rier integrity as potential therapeutic targets in 
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Phosphoric acid as a precursor to 
chemicals traditionally synthesized 
from white phosphorus 


Michael B. Geeson and Christopher C. Cummins* 


White phosphorus, generated in the legacy thermal process for phosphate rock upgrading, 
has long been the key industrial intermediate for the synthesis of phosphorus-containing 
chemicals, including herbicides, flame-retardants, catalyst ligands, battery electrolytes, 
pharmaceuticals, and detergents. In contrast, phosphate fertilizers are made on a much 
larger scale from phosphoric acid, obtained by treating phosphate rock with sulfuric acid. 
Dehydration of phosphoric acid using sodium chloride gives trimetaphosphate, and here 
we report that trichlorosilane, primarily used for the production of high-purity silicon, 
reduces trimetaphosphate to the previously unknown bis(trichlorosilyl)phosphide anion. 
This anion offers an entry point to value-added organophosphorus chemicals such as 
primary and secondary alkyl phosphines, and thus to organophosphinates, and can also be 
used to prepare phosphine gas and the hexafluorophosphate anion, all previously available 


only downstream from white phosphorus. 


resent industrial practice for production 
of most phosphorus-containing chemicals 
relies on energy-intensive reduction of phos- 
phate to white phosphorus (termed the 
“thermal process”), followed by oxidation 
with hazardous chlorine to generate phospho- 
rus trichloride (J). This route is followed even 
for mass-produced compounds, such as the her- 
bicide glyphosate and the battery electrolyte lith- 
ium hexafluorophosphate, that in the end contain 
no chlorine (2, 3). Chemists have sought alter- 
native, more direct reactions to transform elemen- 
tal phosphorus into valuable compounds featuring 
phosphorus-carbon bonds, thereby omitting chlo- 
rine from the sequence (4, 5). A paradigm shift 
would be to obtain value-added phosphorus chem- 
icals in a manner that bypasses both elemental 
phosphorus and chlorine with substantial reduc- 
tion of energy inputs, waste, and potential for 
harm to the environment. Here, we describe a 
process that bypasses elemental phosphorus and 
borrows from the semiconductor industry for its 
energy inputs in the form of trichlorosilane, a high 
production-volume chemical made using HCl (6), 
that is the precursor to high-purity elemental sil- 
icon for the manufacture of solar panels (7). 
Global production of white phosphorus (P,) is 
near 1 Mt per year, with most production taking 
place in China and to a much lesser degree in 
Vietnam and Kazakhstan; production in the United 
States is limited to one plant, and the European 
Union has no capacity for production, relying 
entirely on imports (8, 9). In 2017, the EU added 
P, to its list of critical materials (10). Worldwide, 
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a shift has taken place to manufacture of high- 
purity phosphoric acid via phosphate treatment 
with sulfuric acid (termed the “wet process”) due 
to lower production costs and the appealing 
elimination of hazardous waste disposal issues 
connected with P, production (17). Like elemen- 
tal chlorine, P, has been used for chemical warfare, 
and it is also toxic and pyrophoric (72). Because the 
wet process accounts for ~95% of all phosphate 
rock processed (J), a shift to wet-process phosphate 
as the starting point for production of nonfertilizer 
phosphorus chemicals would benefit from the 
economics of scale (Fig. 1). The foregoing con- 
siderations give substantial impetus for finding 
synthetic routes that use wet-process phosphate, 


Phosphate rock 
raw material 


250 Mt/y 


Wet 
process 


Thermal 
process 


Phosphoric acid 
90 Mt/y 


White phosphorus 


Phosphorus 
chemicals 


Fig. 1. Production routes to commercial 
phosphorus compounds from mineral sources. 
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instead of P,, as the starting point for making 
value-added phosphorus chemicals. 

Phosphate rock used for fertilizer production, 
underpinning global agriculture, is initially con- 
verted into phosphoric acid by the wet process 
(11). It was shown recently that phosphoric acid 
can be dehydrated conveniently by reaction with 
sodium chloride at elevated temperatures to pro- 
vide sodium trimetaphosphate (13). We targeted 
trimetaphosphate, [P;09]° , for direct conversion 
to value-added chemicals, positing an analogy 
between the monomeric unit, metaphosphate ion 
(PO; ), and carbon dioxide. Both are Lewis acids 
that may act as oxide ion acceptors to provide 
phosphate and carbonate, respectively (14). We 
hypothesized that the Lewis acidic character of 
metaphosphate vis-a-vis phosphate would make 
this form of the raw material more prone to fa- 
vorable kinetics for a reductive process. 

We began our investigations by converting the 
sodium salt of trimetaphosphate to the tetrabu- 
tylammonium (TBA) salt, [TBA]3[P309]-2H.O, (15) 
a variant more compatible with homogeneous 
reaction conditions in organic solvent and analy- 
sis of products by common laboratory character- 
ization techniques such as nuclear magnetic 
resonance (NMR) spectroscopy. Upon heating 
[TBA]3[P309]-2H.O in neat trichlorosilane (se- 
lected because of its known ability to reduce 
phosphine oxides (16) and used here in an un- 
optimized 33:1 Si/P molar ratio, the excess being 
potentially recyclable), *P NMR spectroscopy in- 
dicated clean conversion to one new phosphorus- 
containing product that was identified as the 
bis(trichlorosilyl)phosphide anion (1) (Fig. 2). 
Anion 1 gives rise to a diagnostic *‘P NMR singlet 
at -171.7 parts per million, displaying *°Si satel- 
lites (Jp_g; = 150 Hz) (Fig. 3A). Optimization of 
the reaction conditions by using a steel pressure 
reactor heated to 110°C for 72 hours provided 
[TBA][1] in 65% yield on a gram scale. The iden- 
tity of [TBA][1] was confirmed by multinuclear 
NMR spectroscopy, x-ray crystallography (Fig. 3B), 
and elemental analysis. Anion 1 is also unam- 
biguously observable by negative-mode electro- 
spray ionization mass spectrometry and has a 
characteristic isotope pattern with an average 
mass/charge ratio of 299.86 (fig. S45). 

Recently, the carbon (/7) and silicon (78) ana- 
logs of anion 1 were also successfully synthesized, 
suggesting a general stability of trichlorosilyl 
stabilized p-block anions. As the only phosphorus- 
containing species observable by ®"P NMR spec- 
troscopy in the crude reaction mixture, 1 appears 
to be a stable thermodynamic sink for phospho- 
rus under these reaction conditions. The stability 
of 1 is presumably a result of the electron- 
withdrawing trichlorosilyl groups. The phosphorus- 
silicon bonds are notably short at 2.128(5) A (the 
sum of the single bond covalent radii is 2.27 A) 
(19), a distance contraction indicative of de- 
localization of phosphorus electron density into 
the six o*(Si-Cl) bonds. This bonding paradigm 
is supported by natural bond orbital (NBO) and 
natural resonance theory (NRT) calculations (20) 
revealing that multiple resonance structures are 
needed to describe the total electron density of 
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1 (table $5). The chemical bonding in anion 1 is 
visually summarized by an electron localization 
function (ELF) (22) isosurface plot (Fig. 3C), where 
elongations of ELF P-Si bonding basins above 
and below the Si-P-Si plane are indicative of 
phosphorus-silicon multiple bonding. The pack- 
ing of [TBA][1] in the solid state, as determined 
by an x-ray diffraction study, shows that the shortest 
contacts between the bis(trichlorosilyl)phosphide 
anion and the TBA cation are between the chlorine 
and hydrogen centers, respectively (2.78 to 2.94 A). 
The phosphorus center, although it carries the 
formal negative charge, has longer contact dis- 
tances to the TBA cation (23.07 A). 

With [TBA][1] in hand, we were eager to see if 
this salt could be used to make phosphorus-carbon 
bonds. An alkyl halide, (4-chlorobutyl)benzene 
[Ph(CH.)4,Cl], was selected as the reaction part- 
ner to target organophosphorus products of low 
volatility and of relevance to the pharmaceuti- 
cal industry (22). Treatment of [TBA][1] with 
Ph(CH,),Cl (5 equivalents) in toluene gave the cor- 
responding dialkylsilylphosphine [Ph(CH,),],PSiCl, 
which was not isolated but rather converted during 
workup to the borane-protected secondary phos- 
phine [Ph(CH,)4]oP(BH3)H using a solution of 
THF-BHsg followed by treatment with a solution 
of aqueous sodium hydroxide. Before the workup 
procedure, silicon tetrachloride was detected as a 
by-product in the crude reaction mixture using 
?°Si NMR spectroscopy. Air-stable phosphine-borane 
adduct [Ph(CH,),]2P(BH3)H could be purified by 
column chromatography and isolated in 19% yield 
(unoptimized). 

Conditions selective for monoalkylation of anion 
1 were discovered when a preparation of the same 
secondary phosphine was attempted in a one-pot 
procedure. Accordingly, heating a mixture of 
[TBA]3[P309]-2H2O, Ph(CH,)4Cl and trichloro- 
silane was found to yield clean alkylsilylphosphine 
Ph(CH2)4P(SiCl3)H, which was identified by 
3!P NMR spectroscopy. Cleavage of the phosphorus- 
silicon bond using either water or basic alumina 
gave the corresponding primary phosphine, 
Ph(CH2)4PH2, which was purified by distillation 
and isolated in 64% yield. Anion 1 was implicated 
as a likely intermediate in this one-pot procedure 
because the same primary phosphine was also 
obtained when pure [TBA][1] was used as the 
phosphorus-containing starting material under 
otherwise identical conditions. The presence or 
absence of trichlorosilane in alkylation reactions 
of 1 therefore provides tunably selective condi- 
tions for the preparation of primary and second- 
ary phosphines, respectively. Existing routes from 
primary and secondary phosphines to several 
important classes of phosphorus-containing com- 
pounds such as phosphonates (23) and trialkyl- 
phosphines (24) are already well established. 
Secondary phosphines in particular are valuable 
starting materials for hydrophosphination reac- 
tions (25, 26). 

With (4-phenylbutyl)phosphine in hand as 
the product of a one-pot procedure from tri- 
metaphosphate, we pursued a formal synthesis 
of fosinopril—an angiotensin-converting enzyme 
inhibitor used against hypertension and chronic 
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heart failure—by oxidizing the primary phosphine 
to (4-phenylbutyl)phosphinic acid. This was ac- 
complished with excellent selectivity upon treat- 
ment with hydrogen peroxide along the lines of a 
literature procedure (Fig. 4) (27). The resulting 
(4-phenylbutyl)phosphinic acid may be converted 
to the target prodrug fosinopril, as reported by a 
group at Bristol-Myers Squibb (22). Using their 
synthetic scheme, the key phosphorus-carbon 
bond-forming step involving radical addition of 
hypophosphorous acid was not entirely selective 
for addition to the terminal, olefinic carbon of 3- 


PH 


2 
bis(4-phenylbutyl)phosphine 


Cl(CH,)4Ph, 105 ° 
then H,O or alumina 


buten-1-yl-benzene. Chromatographic purification 
was necessary to assess the impact of regioiso- 
meric impurities on the quality of intermediates 
downstream. In the case of the new phosphorus- 
carbon bond-forming methodology reported here 
(Fig. 2), in which an alkyl chloride was used as 
the source of the 4-phenylbutyl group in the (4- 
phenylbutyl)phosphinic acid synthesized, no such 
regioisomeric impurities are produced as side 
products. This example illustrates how the P-C 
bond-forming methodology, proceeding by way 
of in situ-generated bis(trichlorosilyl)phosphide, 


Cc. 


(4-phenylbutyl)phosphine 


Cl(CH,)4Ph, HSiCI3,110 °C 
then H,O or alumina 


YON / HSiCl, 
O a “=O 110°C 
— 
p po) 
Jd by 
trimetaphosphate 
PH, 
phosphine 


cl.si7Pssicl, 


bis(trichlorosilyl)phosphide,1 


fe 25 °C \e 25°C 


[PFs] 
hexafluorophosphate 


Fig. 2. Formation of bis(trichlorosilyl)phosphide (1) from trimetaphosphate and its subsequent 
reactivity. Compounds with phosphorus bonds to carbon, hydrogen, and fluorine are accessible. 


- -171.33 
~~ -171.70 
~ -172.10 


-170 -172 
(ppm) 


Fig. 3. Characterization of phosphide 1. (A) *'P NMR spectrum of [TBA][1] displaying 7°Si satellites. 
(B) Crystallographic structure of 1 with thermal ellipsoids shown at the 50% probability level and the 
TBA cation omitted for clarity. Selected bond and angle metrics: P1-Sil: 2.141(2) A, P1-Si2: 2.1439(19) A, 
Sil-P1-Si2: 97.86(8)* (C) Plot of the 0.83 ELF isosurface. Color key: orange, P lone pair basin; cyan, 
P-Si bond basins; magenta, Si-Cl bond basins; and green, Cl lone pair basins. 


PH, H,O, FH ——— CY YS ~ 


(4-phenylbutyl)phosphine 


(4-phenylbutyl)phosphinic acid 


Oo oO 


wens 


fosinopril 


Fig. 4. Further synthetic application. Conversion of (4-phenylbutyl)phosphine to (4-phenylbuty!) 
phosphinic acid, an intermediate in the reported synthesis of fosinopril (22). 
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can be plugged into existing synthetic pathways 
to value-added phosphorus chemicals. 

After observing hydrolytic cleavage of phosphorus- 
silicon bonds, we wondered whether anion 1 might 
react in a similar manner to produce phosphine 
(PHs) (Fig. 2), which is primarily used in the 
fumigation industry and is typically produced by 
hydrolysis of metal phosphides (28). Treatment 
of a dichloromethane solution of [TBA][1] with 
water (15 equivalents) gave clean formation of PH; 
in at least 65% yield, as determined by quantita- 
tive *"P NMR spectroscopy. This reactivity is rem- 
iniscent of that reported for trisilylphosphines, 
such as P(SiMes)s, which also react with water to 
give phosphine, indicative of a highly reduced 
phosphorus center (29). Such compounds, tradi- 
tionally synthesized from white phosphorus, are 
used as versatile reagents for the synthesis of 
metal phosphides (30) and quantum dots (37). 

Having established the reduced nature of the 
phosphorus atom in 1, we sought to determine 
whether oxidation of the phosphorus-silicon bonds 
with a source of fluorine might give the hexafluoro- 
phosphate anion, which is extensively employed 
as an electrolyte component in lithium ion batteries 
(2). Treatment of [TBA][1] with xenon difluoride, 
a convenient laboratory source of elemental fluo- 
rine (32), gave clean conversion to the hexafluoro- 
phosphate anion as assayed by its characteristic 
19F and °!P NMR multiplets; the hexafluorophos- 
phate could be isolated as its lithium salt after 
precipitation with lithium tetrakis(pentafluoro- 
phenyl)borate ethyl etherate (Fig. 2) in 70% yield. 

In the past, when high-purity phosphoric acid 
for the detergent industry was manufactured from 
white phosphorus, the latter was a linchpin syn- 
thetic intermediate for phosphorus fine chem- 
icals (33), and it is still essential for those derived 
today from phosphorus trichloride. With the 
present work, we illustrate an alternative pathway 
to phosphorus chemicals originating with wet- 
process phosphate. It is clear that several classes 
of phosphorus chemicals will be accessible using the 
chemistry described here, passing through the key 
molecular intermediate bis(trichlorosilyl)phosphide 
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anion, a simple inorganic anion produced in a 
reaction using trichlorosilane, a high-production- 
volume chemical. In a possible future in which 
white phosphorus production were to cease, this 
methodology could be adopted as a replacement, 
keeping supply chains open for critical chemicals 
that currently rely on the manufacture of P,. 
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Bioinspired spring origami 


Jakob A. Faber,’ Andres F. Arrieta,”* André R. Studart’* 


Origami enables folding of objects into a variety of shapes in arts, engineering, and biological 
systems. In contrast to well-known paper-folded objects, the wing of the earwig has an 
exquisite natural folding system that cannot be sufficiently described by current origami 
models. Such an unusual biological system displays incompatible folding patterns, remains 
open by a bistable locking mechanism during flight, and self-folds rapidly without muscular 
actuation. We show that these notable functionalities arise from the protein-rich joints 

of the earwig wing, which work as extensional and rotational springs between facets. 
Inspired by this biological wing, we establish a spring origami model that broadens the 
folding design space of traditional origami and allows for the fabrication of precisely tunable, 
four-dimensional—printed objects with programmable bioinspired morphing functionalities. 


rogrammable matter that can self-shape, 
morph, and actuate through “instructions” 
embedded into its own material architec- 
ture is widespread in nature and has opened 
exciting possibilities in robotics, biomedi- 
cal technologies, arts, and design (7-3). Origami 
is particularly attractive because it allows fold- 
ing simple, two-dimensional (2D) sheets into 
complex, 3D geometries. This simplicity and ef- 
fectiveness of folding has inspired mathema- 
ticians, engineers, and materials scientists to 
exploit origami (4, 5) as programmable meta- 
materials (6, 7), reconfigurable structures (8-0), 
adaptive architectures (JI, 12), and soft robotic 
parts (13, 14). 
Despite its exciting prospects, major draw- 
backs remain when using classic origami princi- 
ples. Classic origami, or rigid origami, uses two 


Fig. 1. Earwig wing as a natural example of multifunctional program- 
mable folding. (A) The earwig Forficula auricularia with unfolded wing. 
[Image reprinted with permission from G. Wizen] (B) The folding pattern 

is incompatible with rigid origami assumptions. [Image adapted from 

Haas et al. (19)] (C) Alternating, asymmetric resilin distribution throughout 
the wing drives the self-folding process. The schematic under the 
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building blocks: rigid, planar facets of zero thick- 
ness and distinct, straight-line creases. These ri- 
gidity assumptions lead, in theory, to a limited 
design space of possible folding patterns (15). 
Besides these pattern constraints, a second as- 
pect that limits functionality is that rigid origami 
mechanisms have only one degree of freedom, 
which is not associated with any stiffness during 
folding or unfolding. This lack of stiffness ren- 
ders the resulting mechanisms purely kinematic 
(only describing motions) and thus hinders many 
engineering applications, particularly those in- 
volving load-bearing functions. 

Attempts to extend the purely kinematic rigid 
origami principles have mainly been pursued by 
introducing bending energy in the creases (5, 16). 
The addition of bending energy in the form of 
stiffness to the crease allows for forces and mo- 
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ments to be linked to the folding process; however, 
the design space for folding patterns remains 
unchanged. To account for additional folding 
patterns and programmability observed in prac- 
tice on thin sheets, facet bending or twisting has 
been identified as an extra degree of freedom 
(7, 18). 

Despite these efforts, synthetic origami struc- 
tures developed so far are still far from reaching 
the range of functionalities and design freedom 
observed in nature. An impressive natural ex- 
ample of folding pattern and functionality is 
the wings of Dermaptera, an order of insects 
commonly known as earwigs (Fig. 1A). The fold- 
ing ratio (closed/open area) of these highly spe- 
cialized wings is among the highest in the animal 
kingdom, with reported values of 1:10 (19) to 1:18 
(20). This exceptionally high ratio concurrently 
allows for a large wing area during flight and a 
short, folded package to navigate the earwig’s 
tight underground habitat (27). There are three 
very distinct features separating the wing-folding 
mechanism of Dermaptera from the assumptions 
of rigid origami. First, the earwig wing employs 
a pattern (Fig. 1B) that is incompatible with rig- 
id origami theory because of angle mismatches 
and curved creases (22). Second, the wing has 
evolved to fully and rapidly self-fold from the 
open toward the closed state. The self-folding is 
achieved without the use of muscles. Instead, it 
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microscopic image indicates the resilin-rich regions (in blue) along the 
cross-section of the wing. [Microscope image reprinted from (19) with 
permission by Elsevier] (D) Bistable central mechanism and angle 
mismatch. [Image adapted from Haas et al. (19)] (E) The inaccessible 
regime is responsible for the bistable function, but not accessible by origami 
kinematics. [Graph adapted from Haas (23) for a missing angle of 60°] 
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is preprogrammed in asymmetrically arranged, 
prestrained resilin in the joints (19) (Fig. 1C). Final- 
ly, a bistable snap-through mechanism (Fig. 1D) 
is incorporated in the structure to keep the un- 
folded wing in its open state. The open, locked 
state is stable enough to resist the aerodynamic 
loads during flight. The rigid origami model of 
this mechanism describes angular motions near 
the stable states (Fig. 1E), but exhibits a “forbid- 
den range” (23) or inaccessible regime. Notably, 
this regime near the snap-through angle deter- 
mines all functionality of the earwig wing. Thus, 
although the morphing of the earwig wing arises 
solely from the folding pattern and crease design, 
current origami models are not sufficient to de- 
scribe its exceptional functionality even if bend- 
ing facets are considered. 

Our aim in this study is to identify design 
principles of the earwig wing and implement 
them in synthetic structures with pronounced 
stiffness and fast-morphing programmability. 
Therefore, we first investigate the earwig wing’s 
self-folding behavior by finite element analysis 
(FEA) and derive the underlying principles em- 
bedded in the design of its natural joints. We 
then simplify the identified joint design using 
analogous mechanical springs. Using the newly 
introduced spring elements, we build a model 
of the wing’s core mechanism to quantify its bi- 
stability and self-folding functions. Finally, these 
functions are transferred into 4D-printed, syn- 
thetic folding systems with unmatched and tun- 
able functionality inspired by the natural example. 

The self-folding and locking capability of the 
earwig wing relies on the presence of resilin- 


"Strict" Origami 
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Fig. 2. Assumptions and FEA simulations describing the self-folding 
behavior of the earwig wing. (A) Strict (rigid) origami model. 

(B) Proposed interpretation of resilin occurrence as extensional and 
rotational spring elements. (C) Origami-inspired simulation approach 
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based joints. Resilin is an elastic biopolymer com- 
monly linked to energy storage in natural systems, 
which has been found in symmetrical as well as 
asymmetrical arrangements in the earwig wing’s 
joints (19). This through-thickness distribution of 
resilin in the joints determines the spring type: A 
symmetric distribution corresponds to an exten- 
sional spring, whereas an asymmetric distribution 
corresponds to a rotational spring. Combinations 
of both forms are possible. Whereas rotational 
springs have been discussed elsewhere (5, 16), we 
now describe the role and resulting design capa- 
bilities of extensional springs for extending the 
pattern design space and generating locking, 
multistable folding systems. 

To exploit the effect of the proposed extension- 
al springs on the wing’s self-folding behavior, we 
conducted folding simulations assuming either 
strict origami or spring-modified origami condi- 
tions (Fig. 2). Our results show that the geomet- 
rically incompatible folding pattern of the wing 
prevents complete folding if the strict conditions 
of traditional origami are considered (Fig. 2C). 
By contrast, full closure of the wing following 
the same pattern as the natural example is ob- 
served if the joints are treated as extensional 
and rotational springs. More details of these FEA 
simulations are provided in the supplementary 
materials. To assess the feasibility of this simula- 
tion, we produced a replica of the wing pattern by 
multimaterial 4D printing of stiff polymer facets 
(acrylonitrile butadiene styrene, ABS) and rubber- 
like hinges (thermoplastic polyurethane, TPU). The 
manually folded package confirms the stacking 
order and shape of the simulation results (Fig. 2D). 


Despite the complexity of the simulated biolog- 
ical example and therefore the rather qualitative 
nature of these results, such proof-of-concept com- 
putational analysis clearly hints at the crucial role 
of membrane extensibility in making previously 
incompatible fold designs accessible. 

The extensibility of joints not only facilitates 
the folding of complex patterns, but also paves 
the way to understand and synthetically design 
bioinspired features that were previously out of 
reach. The most notable feature of the earwig 
wing is its central mid-wing mechanism. It is 
bistable with two possible states: During folding, 
it is a classic Miura-Ori pattern with three con- 
vex and one concave fold. After fully opening 
and passing through an unstable flat state, it be- 
comes a concave pyramid (Fig. 3A). In this shape, 
the mid-wing mechanism maintains the wing in 
its open flying configuration. Although it consists 
of only four facets, this crucial part of the wing 
simultaneously exhibits the mentioned features 
of interest; namely, self-folding, self-locking (bi- 
stability), and imperfect-pattern tolerance. Thus, 
a fundamental investigation of the interplay 
between membrane (extensional) and bending 
(rotational) elastic energy stored in folds of the 
mid-wing region provides valuable insights into 
the design principles of this morphing structure. 
To analytically model this four-facet unit cell, we 
use simple rotational and extensional springs 
(Fig. 3). The four rigid facets are interconnected 
by rotational and extensional springs at each 
joint (Fig. 3A). The spring constants of possible 
materials and geometries can easily be retrieved 
from the formulas given in the supplementary 
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t= 


leads to incomplete self-folding, whereas (D) the incorporation of spring 
elements in the origami structure results in complete self-folding of 

the simulated wing (movie S1). A multimaterial printed wing model confirms 
the shape and fold order of the simulated folded package. 
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materials. The energy stored in one rotational 
spring equals 1ep(Ao)”, where Cx is the rota- 
tional spring stiffness and Ao is the difference 
between the interfacet angle o and the angle 
under which no bending stress occurs, 69» 


A 


F,w 


(Fig. 3B). Similarly, the extensional spring ener- 
gy is Loy (Az)”, where cy is the extensional 
spring stiffness and Az is the spring extension x 
compared to its stress-free state %. Simple 
trigonometry links the spring extension x and 


the folding parameter ¢ (see Eq. S3), allowing for 
a convenient description of all energies in terms 
of o (Fig. 3C). The extension-free angle obtained, 
¢om> is determined by the missing angle be- 
tween the facets (see Eq. S10). 
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Fig. 3. Generalized model of bistable four-fold spring origami 
structures. (A) Geometry and spring arrangement. Analytical 

(B) rotational and (C) extensional spring energies and corresponding 
FEA evaluations. (D) Possible configurations and associated energy land- 
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scapes of selected four-faced spring origami structures. (E) Influence of the 
extensional spring stiffness on the energy landscape for 8 = 5° and definition of 
energy barriers. (F) Design map illustrating the effect of the missing angle and 
stiffness ratio on the magnitude of the energy barriers Epa and Eparr2. 
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By computing the rotational and extensional 
contributions of the total energy stored in the 
joints of the mid-wing region, it is now possible 
to establish the energy landscape of the four- 
facet structure in different configurations (see 


assumptions in supplementary materials). In 
the inaccessible regime, the missing angle 8 must 
be compensated for by membrane extension, 
giving rise to an energy peak (Fig. 3, C and D). The 
rotational and extensional energy contributions 


can then be combined in endless configurations, 
depending on the folding patterns, each joint’s 
stiffness values, and the programming param- 
eters $9, and 9,,. Three exemplary config- 
urations are shown in Fig. 3D. The initially 
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Fig. 4. Four-dimensional printing and experimental investigation of 
spring origami mechanisms. (A) Geometry and material properties. 
(B) FDM printing in the folded, upright state. (©) Nondevelopable, 
4D-printed designs using the earwig wing’s central mechanism contours 
(top) and simplified rectangular facet contours with different missing 
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angles. (D) Cardan test rig. (E) Measured forces and related energy plots for 
mechanisms with increasing missing angle B. Model prediction for B = 5° is shown 
by the dashed green curve. (F) Effect of the missing angle on the energy barrier 
magnitudes and model predictions. (G and H) Fast self-folding after slow internal 
stimulus (movie S1). (I) A 4D-printed, nondevelopable 3 x 3—panel array. 
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520mm 


bo,s=-180° Ee: 
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Fig. 5. Spring origami gripper (movie S2). (A) Fold pattern. Gray facets and 
computer-assisted design model: preprogrammed control cell. White facets: 


mentioned case of a stress-free “pyramid” as the 
base state leads to an asymmetrical energy land- 
scape (Fig. 3D, left). A symmetrical case can be 
reached by planar assembly of facets, including 
a missing angle and using prestretched joint re- 
gions (Fig. 3D, center). Assembling three convex 
(09.3 = —) and one concave fold (9 3 = +7), as 
in the case of the earwig wing, yields the ex- 
emplary Miura-Ori configuration, which serves 
as our base system. These preprogrammed angles 
lead to a fully folded pattern as the stress-free 
state (Fig. 3D, right). 

For a technical application of the described 
unit cell, it is necessary to understand and model 
the relation between design parameters and re- 
sulting morphing and mechanical properties. 
Applying the basic building blocks from Fig. 3, 
A to D, we computed design maps of two kinds: 
First, Fig. 3E shows the bending, membrane, and 
total stored energies over 6 for the self-folding 
Miura-Ori configuration, displaying a constant 
missing angle 8B. Alow membrane stiffness ratio 
(Cy/Cg) leads to monostable systems resulting 
from the lack of an energy barrier that could give 
rise to two distinct mechanical states. These sys- 
tems are bending-dominated and will return to 
their preprogrammed shape immediately. For 
stiffness ratios of > 0.5 x 10‘, a barrier de- 
velops in the energy landscape, leading to the 
two minima that characterize a bistable system. 
This threshold from mono- to bistability changes 
with the missing angle, which increases the en- 
ergy barrier and therefore shifts the overall be- 
havior toward more pronounced bistability. The 
combined effect of both stiffness values cy, and cp, 
as well as the missing angle B, on the magnitude 
of the energy barriers Epa and Egarr.2 is shown 
in the design map depicted in Fig. 3F. Ear, scales 
proportionally with cy and cg as long as their 
ratio is constant (see Eqs. S1 and S2). For each 
ou ratio, there is a critical missing angle f, that 
makes the folding pattern bistable, and vice versa 
(Fig. 3F). The parameter space revealed by these 
maps allows us to determine appropriate varia- 
bles to design folding behavior, stable states, and 
tuned energy barriers in spring origami systems. 
Such features control the direction and order of 
folding, the obtainable geometries, and the self- 
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locking strength. Furthermore, the derivatives of 
the energy plots allow one to directly obtain fold- 
ing moments and forces, which are relevant for 
the design of load-bearing functions in both stable 
states (see Eqs. S1 and S5). As is the case in the 
earwig wing, this unit cell can serve as an em- 
bedded control unit for much larger folding pat- 
terns and complex geometries. In the following 
section, we discuss how this Miura-Ori configu- 
ration can be exploited in exemplary synthetic 
systems to achieve fast folding and locking mech- 
anisms with minimal actuation inspired by the 
earwig wing. 

We transferred the biological design principles 
extracted from the earwig wing into a function- 
al synthetic folding system that can be directly 
manufactured by 4D printing using a conven- 
tional additive manufacturing process (Fig. 4). 
The base configuration was a fourfold structure 
of 100 mm by 100 mm unfolded edge length with 
1.2-mm-thick facets made of a stiff component 
[polylactic acid (PLA) or ABS] and joints made 
from an elastomeric component (TPU) with a 
thickness of 1.0 mm (Fig. 4A). Using multimaterial 
fused deposition modeling (FDM, Fig. 4B), we 
can overcome several limitations of conventional 
origami-type folding approaches. First, printing 
allows us to preprogram the folding pattern in an 
elegant way: Instead of using selective shrinking 
or swelling of a bilayer architecture to induce 
bending (14, 24, 25), we printed the samples in 
the fully folded configuration. This allows us to 
set 9, = +n in the desired combination. If 
bistability is simultaneously required, simple 
folding techniques also fail. Any missing angle 
B = Orenders the fold pattern nondevelopable, 
which means not foldable from a flat sheet. 
Our folded-printing approach allows us to pro- 
gram 6 x, by directly implementing the missing 
angle B in the geometry. Figure 4C demonstrates 
the relationship between the printed and the 
unfolded geometry with the missing angle B 
ranging from 0° to 40° 

To illustrate the distinctive folding and me- 
chanical functionalities of the printed spring ori- 
gami, we measured the force required to keep 
the structure at a constant interfacet angle near 
and within the inaccessible region (Fig. 1E). The 
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passive part of mechanism. (B) Stable state 1: open. (C) Stable state 2: closed. 
The closed state exerts force on the gripped object without constant actuation. 


energy curves obtained through integration of 
the measured forces feature the two-well land- 
scapes characteristic of bistable systems (Fig. 4E, 
blue curves). The experimental curves and the 
earlier model predictions match quantitatively 
very well the dependence of the stored energy on 
the folding angle (Fig. 4E, dashed line). The mag- 
nitude of the energy barrier observed in these 
curves rises in a progressive manner with in- 
creasing missing angles 8 and shows the pre- 
dicted bistability threshold behavior (Fig. 4F). 
Small missing angles lead to the monostable sys- 
tems predicted by our model (compare Fig. 3E), 
whereas bistability arises above the expected 
threshold. 

Our ability to tune the energy barrier between 
bistable states using simple geometrical and ma- 
terial properties (Fig. 3F) enables the design and 
fabrication of spring origami structures that can 
undergo fast morphing, triggered by an environ- 
mental stimulus. As opposed to other common 
biological and synthetic morphing systems that 
react to external stimuli (26-28), the elastic en- 
ergy stored in spring origami results in very fast 
intrinsic folding of the structure. Tracking the mo- 
tion of a Miura-Ori structure during self-folding 
allowed us to quantify the dynamics of this fast 
morphing process (Fig. 4, G and H). The snap- 
through between the two stable states occurs in 
80 ms, much faster than conventional diffusion- 
driven mechanisms. This is equivalent to the fast 
actuation mechanism used by the Venus flytrap 
or the underwater suction trap Utricularia, which 
also convert a slow stimulus to a rapid movement 
by bistability concepts (29, 30). 

We also demonstrate the scalability of our 
4D-printing approach beyond four-facet systems 
by printing larger arrays (Fig. 41), or by using a 
single spring origami element to control more 
complex structures that fold via conventional 
mechanisms. To illustrate this possibility, we 
fabricated a spring origami gripper that actuates 
with a low-energy input (Fig. 5 and movie S2). 
The gripper consists of a passive fold pattern 
(white) responsible for the kinematic gripping 
movement and a central, 4D-printed spring ori- 
gami element (gray) that defines the energy land- 
scape of the folding system. By designing the 
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materials and geometrical parameters (Fig. 5A) 
of this cell—namely, missing angle, stiffness val- 
ues, and strain-free fold angles—the inherent en- 
ergy landscape of the entire gripper mechanism 
can be programmed. Our spring origami gripper 
eventually displays the bistable and fast self- 
folding functionalities of the earwig wing. The 
programmed stable states (Fig. 5, B and C) and 
energy landscape allows the spring origami struc- 
ture to exert a force on the gripped object without 
the need for constant external actuation. This con- 
trasts with purely passive rigid origami mecha- 
nisms, which would yield to any applied load 
owing to the absence of an energy landscape or 
stable states. The spring origami gripper can 
thus remain in both the open (Fig. 5B) or closed 
positions (Fig. 5C) and lift objects of its own body 
weight. 

Origami structures featuring extensional and 
rotational joints inspired by the earwig wing 
show unusual self-locking, fast-morphing, and 
geometry-tolerant folding patterns that are not 
allowed in conventional origami theory. The pos- 
sibility of 4D printing 3D objects whose morph- 
ing and mechanical behavior are programmed 
with the material architecture brings us closer 
to the design strategies underlying the exquisite 
dynamics of biological self-shaping structures. 
The ample design space provided by the pro- 
posed spring origami systems can potentially be 
used to fabricate biomedical devices with patient- 
specific morphing features, collapsible portable 
displays, soft robots, or deployable spacecraft 
modules. 
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CONDUCTING POLYMERS 


A nonconjugated radical polymer 
glass with high electrical conductivity 


Yongho Joo,’* Varad Agarkar,”* Seung Hyun Sung,’ 


Brett M. Savoie,'+ Bryan W. Boudouris””+ 


Solid-state conducting polymers usually have highly conjugated macromolecular 
backbones and require intentional doping in order to achieve high electrical 
conductivities. Conversely, single-component, charge-neutral macromolecules could 
be synthetically simpler and have improved processibility and ambient stability. We 
show that poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl), a nonconjugated 
radical polymer with a subambient glass transition temperature, underwent rapid 
solid-state charge transfer reactions and had an electrical conductivity of up to 

28 siemens per meter over channel lengths up to 0.6 micrometers. The charge 
transport through the radical polymer film was enabled with thermal annealing at 
80°C, which allowed for the formation of a percolating network of open-shell sites in 
electronic communication with one another. The electrical conductivity was not enhanced 
by intentional doping, and thin films of this material showed high optical transparency. 


onducting polymers have relied on con- 

jugated macromolecular backbones that 

are subsequently chemically doped so 

as to achieve high electrical conductivity 

values [for example, poly(3,4-ethylene 
dioxythiophene) doped with poly(styrene sulfo- 
nate) (PEDOT:PSS)] (J, 2). Despite their impres- 
sive electrical conductivity values (3, 4), certain 
aspects of these macromolecules are not ideal. 
First, for some applications, optical transpar- 
ency at visible wavelengths can be difficult to 
achieve with extended conjugated backbones. 
Second, the syntheses of advanced conducting 
polymers can be quite complicated with low 
yields. Third, chemical doping can depend on 
processing and lead to performance variability, 
and the dopants can decrease the materials and 
device stability. 


Charge-neutral macromolecules that achieve 
relatively high electrical conductivity values with- 
out doping could address some of these issues (5). 
Radical polymers (6) with nonconjugated back- 
bones and stable open-shell pendant groups (7, 8) 
can pass charge through a series of oxidation- 
reduction (redox) reactions between the pendant 
open-shell sites (9). Because of the high density 
of redox-active sites associated with these mate- 
rials, they have had an effect on myriad energy 
storage and energy conversion applications (10-14). 
However, the highest solid-state electrical con- 
ductivity value reported for radical polymers was 
~10 Sm! (15). 

Despite the low reported conductivity values, 
the redox reactions that allow for charge ex- 
change between the pendant groups are rapid 
(16-18), so high conductivities should be possible 


with appropriate molecular engineering of charge- 
transporting sites (19). We synthesized poly(4- 
glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl) 
(PTEO) using a ring-opening polymerization meth- 
odology, which allowed all of the radical sites in 
the monomer to be conserved in the polymer. 
Given its flexible macromolecular backbone and 
a near-room temperature glass transition tem- 
perature (T,), its flow temperature is well below 
the degradation temperature of the macromole- 
cule. Thermal annealing of the radical polymer 
thin film resulted in the formation of percolat- 
ing networks of radical sites in the solid state 
that were in electronic communication with one 
another. This network formation occurred de- 
spite the amorphous nature of the polymer thin 
film. We achieved a >1000-fold increase in the 
electrical conductivity of PTEO relative to other 
report values for radical polymers, and the ulti- 
mate conductivity of ~20 S m™ is comparable 
with commercially available, chemically doped 
conducting polymers. 

We polymerized a monomer that contained 
an open-shell site directly because postpolymeri- 
zation conversion of closed-shell pendant groups 
to open-shell forms rarely achieves complete con- 
version and can lead to undesired by-products 
(20, 21). We introduced a nitroxide functionality 
by reacting epichlorohydrin with 4-hydroxy-2, 
2,6,6-tetramethylpiperidine-1-oxyl (TEMPO-OH) 
in the presence of a base (Fig. 1A). This small mo- 
lecule, 4-glycidyloxy-2,2,6,6-tetramethylpiperidine- 
1-oxyl (GTEMPO), was purified (fig. S1) in order 
to yield a well-defined monomeric species (22) that 
was stable across a range of different temperatures 
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Fig. 1. Controlling and monitoring the amount of open-shell sites in 
radical polymers is a key objective in the design of high-conductivity 
open-shell macromolecular species. (A) The monomer synthesis and 
ring-opening polymerization-based synthetic scheme used to generate 

the PTEO radical polymer. (B) The constant radical density (there is an 
overlapping nature of the spectra acquired at different temperatures) of the 
PTEO macromolecule in chloroform solutions as a function of temperature, 
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Magnetic field (G) 
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Magnetic field (G) 


Wave number (cm) 


as determined with EPR spectroscopy. (Inset) A photograph of the 
recrystallized monomer. (C) The EPR spectroscopy signal of a radical 
polymer thin film showing a classic Lorentzian shape, which is indicative of 
substantial radical-radical interactions in the solid state. (D) The ATR-FTIR 
spectra of the oxoammonium-based TEMPOnium salt, the GTEMPO 
monomer, and the PTEO polymer, indicating the absence of the oxoammonium 
cation signal in either the monomer or radical polymer used in this work. 
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Fig. 2. PTEO flow, thermal, and percolation properties. (A) The glass 
transition temperature at ~20°C for the PTEO macromolecule is clear, and 
there is no melting or crystallization transition. (B) The onset degradation 
temperature of PTEO is ~150°C. (C) No degradation of PTEO was observed 
when the material was held at 80°C for 2 hours. (D) Percolation behavior as a 
function of radical density and annealing summarized from the Monte Carlo 
nes, and standard 


simulations. The average values are shown as solid li 


(Fig. 1B). In the ring-opening polymerization pro- 
tocol, a potassium tert-butoxide initiator generated 
the PTEO macromolecule with a number-average 
molecular weight of 2.4 kg mol! (23). The high 
densities of radical sites present in the mono- 
mers were also present in the polymers (Fig. 1C), 
within experimental error, as determined with 
electron paramagnetic resonance (EPR) spectro- 
scopy (24, 25). Moreover, no oxoammonium ca- 
tion sites within either the monomer or polymer 
products, which increase the electrical conduc- 
tivity of other nitroxide-bearing radical polymers 
(26), were detected with attenuated total reflec- 
tance Fourier transform infrared (ATR-FTIR) 
spectroscopy (Fig. 1D) at the characteristic fre- 
quency (v) of 1550 cm“. Identifying these do- 
pants at the levels that can affect charge transport 
can be difficult with standard chemical charac- 
terization methodologies. Thus, although these 
data suggest that no dopants are present in the 
~0.1% (by weight) level, we cannot definitely 
state that there are no oxoammonium cation 
(or other dopant) sites present at lower levels. 
For this relatively low molecular weight of 
PTEO, the main nitroxide interactions would be 
between neighboring chains in a thin film. A 
density functional theory (DFT) characterization 
of the orientational dependence of TEMPO 
interactions revealed multiple favorable pairing 


configurations (fig. S2), with interaction energies 
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on the order of -4 kcal mol (-0.17 eV). These 
interaction energies, an order of magnitude 
greater than the thermal energy, would result 
in nitroxide separations between 4 and 6 A 
(fig. $3). 

High electrical conductivity requires a rela- 
tively low T;, so that the material can be an- 
nealed in the molten state and away from the 
degradation temperature of the radical pendant 
groups. The bulky nitroxide-containing substit- 
uent of the PTEO prevented crystallization of 
the polymer chains (fig. S4) and resulted in a 
T,, of ~20°C (Fig. 2A), which is well below the 
~150°C onset of degradation for PTEO (Fig. 2B). 
Thermal processing below 100°C (Fig. 2C) al- 
lowed us to create percolating nitroxide net- 
works for charge transport between electrodes, 
which has not been seen for other systems 
because of the high 7, of most radical polymers, 
and this inability to process radical polymer 
thin films appropriately has contributed to 
reports of extremely low electrical conductivity 
values for nitroxide-based radical polymers (27). 

We modeled radical network formation in 
PTEO with Monte Carlo (MC) simulations of 
the annealing process using a Hamiltonian 
parameterized with DFT calculations and with 
an implicit treatment of the polymer (supple- 
mentary materials). The configurations were 
then processed to characterize the radical net- 
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deviations are shown as the shaded regions. (E and F) Typical configurations 
for the (E) unannealed and (F) annealed films at a radical density of 

2.5 x 107 cm’. Independent networks are drawn with different colors, and 
any networks composed of less than five molecules are rendered gray and 
transparent. For example, in (F) almost all of the nitroxide groups are colored 
navy blue, indicating that there is one large continuous percolation network 
for charge transport after annealing has occurred. 


works and their degree of percolation (8) ac- 
cording to 


B= (se +5) +52) (1) 


Here, s; is the span of the largest network in 
each lattice dimension, with B ranging from 0 (no 
percolation) to 1 (complete percolation across 
the lattice). The simulations revealed a dramatic 
effect of annealing on the percolation behavior at 
all radical densities. Random distributions of the 
radical groups (an amorphous as-cast film) did 
not form percolating networks (Fig. 2D). Only 
after annealing did discontinuous subnetworks 
(Fig. 2E) combine through aggregation to form 
percolating networks (Fig. 2F). Moreover, only 
above a critical radical density could percolat- 
ing networks form at all. 

We monitored this transition for PTEO from 
the low-charge-transport regime (~10°° S m™) to 
the high-charge-transport regime (~10 S m“) 
in real time as the material crossed from the as- 
spin-coated glassy state (the thin film was cast 
at ~20°C) into a liquid-like molten state (Fig. 3A). 
In order to evaluate charge transport in this 
quenched state, the films were transferred to 
an inert atmosphere vacuum probe station and 
held at a temperature of 100 K. Heating of the 
sample occurred inside of the inert atmosphere 
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Fig. 3. PTEO conducts charge after annealing has occurred. (A) Elec- 
trical conductivity as a function of temperature for PTEO in a 0.5-um 
channel. Real-time annealing of the thin film allowed for local order to 
appear within the film so that the electrical conductivity was altered by 
10 decades. (B) Above the glass transition temperature, there is thermally 


vacuum probe station in order to capture the 
charge transport ability at low temperatures 
before bringing the PTEO thin films near T,, so 
the changes in conductivity appear to be caused 
by changes in the nanoscale structure as op- 
posed to changes in chemical oxidation. In these 
experiments, the sample was allowed to reach 
the desired temperature and held at that tem- 
perature for 30 min before collecting the elec- 
trical data. Then, the temperature of the sample 
was moved to the next temperature. Moreover, 
in a separate experiment, replicate devices were 
annealed at 80°C for 2 hours in inert atmo- 
sphere conditions but without evaluating their 
low-temperature electrical properties (without 
the “Ist heating” scan in Fig. 3A), and the con- 
ductivity of thin films processed in this manner 
began and remained at ~10 S m™ (in the same 
manner seen for the “2nd heating” scan of Fig. 
3A), indicating that ordering was occurring though 
thermal annealing (fig. $5). 

Once local order was created within the melt, 
it was retained as the thin film was cooled back 
into the glassy state, and this enabled rapid 
charge transport at room temperature both for 
cooling (Fig. 3A, red squares) and heating (Fig. 
3A, blue triangles) of the thin film. Above T,, thin 
films displayed thermally activated transport with 
an activation energy of ~90 meV (Fig. 3B), which 
is consistent with the increased molecular mo- 
tion. Moreover, as has been observed with other 
radical polymers (22, 26, 28), the transport was 
independent of temperature below T, (Fig. 3C). 

To study the role of defects, such as impurities 
or traps, we performed a fragility analysis on the 
annealed MC networks by removing a random 
distribution of the TEMPO sites from the an- 
nealed MC networks (those shown in Fig. 2, D to 
F) and recalculating the percolation behavior 
(Fig. 4A). Defect introduction has adverse effects 
at all TEMPO densities but was most sensitive 
near a TEMPO density of ~1.7 x 107! cm™°. We 
estimate that the TEMPO number density in 
PTEO is at least 1.75 x 107? cm~*, on the basis of 
previous characterizations of chemically similar 


Joo et al., Science 359, 1391-1395 (2018) 


400 


B 

20 j aa } 
é a 
~— 1 5 7 of 
5 a 
Ss aa 
Fe A 
8 18 b 

270 300 330 360 


Temperature (K) 


A 


iv) 


L_.--#-,-8--0--8--8-#8 


Conductivity (Sm) 


150 200 250 


Temperature (K) 


activated transport, whereas (C) below the glass transition temperature, 
the electrical conductivity is temperature-independent. The data points 
represent the average value measured for four different PTEO films, and 
the error bars represent the standard deviation from this average. If no 
error bars are present, the error is within the size of the point. 
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Fig. 4. The charge transport behavior of radical polymers is dictated by percolating domains 
of paired nitroxide groups. (A) Fragility analysis performed on the annealed networks as a function 
of radical density and defect density. (B) The electrical conductivity at T = 350 K for PTEO as a 
function of channel length (black squares) shows that these localized domains were less than or 
equal to 600 nm in size in experimental practice. The data points represent the average of the 
measurements conducted on four different devices of that channel length, and the error bars 
represent 1 standard deviation from this average. If no error bar is shown, the error is within 

the size of the point. Equivalent experiments were performed with PEDOT:PSS (red squares) serving 
as the channel material, and there is almost no dependence on the conductivity as a function 

of channel length. (Inset) A scanning electron microscopy image of a typical channel used in 

these studies, showing the spacing between the gold electrode contacts before film deposition. 


polymers (29), so our PTEO films should be 
strongly sensitive to the levels of defect incorpo- 
ration and film processing. Over long enough 
length scales, defects will render the networks 
nonpercolative. Given the length scale limita- 
tions of our simulations, we can place a lower 
limit for the percolation length scale of ~20 nm 
for radical densities greater than 1.75 x 107 cm™. 

The lack of crystallinity in these amorphous 
conductors made it difficult to experimentally 
determine the length scale at which the percola- 
tion of nitroxide groups ended. We estimated the 
size of high-charge-transport domains by chang- 
ing the lengths between the two electrodes (Fig. 4B). 
At channel lengths >0.7 um, the conductivity 
was low, ~10~* S m7! (21, 26). However, for 
channel lengths of 0.6 um or less, the conductiv- 
ity reached ~20 S m™. These data suggest that 
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the nitroxide percolation network had a charac- 
teristic length scale of ~600 nm. Thus, if the 
high-charge-transport domains do not bridge 
across the electrodes, the conductivity is limited 
by the low-charge-transport domains. Bare chan- 
nels and those containing polystyrene (PS) were 
fabricated and had conductivities below the detec- 
tion limit (<10-” S em“) of our system (fig. $6). 
Similar experiments performed with PEDOT:PSS 
showed some contact resistance but otherwise 
exhibited high conductivity across this length-scale 
range, as expected, and the variation of its higher 
electrical conductivity for the same channel lengths 
was only twofold (Fig. 4B). 

We evaluated how the chemical nature of the 
thin films affected the observed transport behav- 
ior. When the radical group within the PTEO 
repeat unit was intentionally quenched to form 
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the N-OH functionality (PTEO-OH), the electrical 
conductivity for the 0.5-um channel decreased to 
~10-’ S m! (fig. S7A). In order to form an elec- 
tron donor-acceptor system within the radical 
polymer thin film, we intentionally doped the 
PTEO film with 4-acetamido2,2,6,6-tetramethyl-1- 
oxopiperidinium tetrafluoroborate (TEMPOnium) 
at a high loading (10%, by weight) (26). This in- 
tentional doping had little impact on the ulti- 
mate electrical conductivity of the film, and the 
conductivity showed the same marked increase 
after thermal annealing as was observed for the 
undoped system (fig. S7B). Moreover, making 
composite blends of PTEO and PTEO-OH at 
channel lengths of 0.5 um allowed for experi- 
mental verification of the computational fra- 
gility analyses shown in Fig. 4A. That is, for thin 
films that conained >90% (by weight) PTEO, 
the electrical conductivity was ~10 S m“', as ex- 
pected; however, when >20% (by weight) of the 
polymer composite was composed of inactive 
PTEO-OH, the conductivity of the thin film fell 
to ~10-’ Sm! (fig. S7C). Thus, charge exchange 
from the injecting electrode to the collecting 
electrode depends on the ability of the nitroxide 
groups to form a percolating structure and not 
on any inherent limitations of the radical self- 
exchange reactions. 

Last, the nonconjugated nature of the radical 
polymers led to weak absorption profiles of the 
material both in solution and as thin films. That 
is, the solution absorption spectrum showed the 
oft-observed signal for nitroxide-based radical 
polymers (fig. S8). However, the ~1-um-thick 
PTEO film showed only minimal absorption in 
the visible spectrum, with >98% transmission 
at wavelengths of 4 < 500 nm and 100% trans- 
mission at longer wavelengths. These thin films 
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maintained their high electrical conductivity 
over multiple weeks (fig. S9) when they were 
exposed to ambient conditions. Thus, these rad- 
ical polymer films present as relatively high- 
electrical-conductivity materials with high optical 
transparency and ambient stability. 
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Early life experience drives structural 
variation of neural genomes in mice 


Tracy A. Bedrosian,* Carolina Quayle, Nicole Novaresi, Fred. H. Gage* 


The brain is a genomic mosaic owing to somatic mutations that arise throughout 
development. Mobile genetic elements, including retrotransposons, are one source of 
somatic mosaicism in the brain. Retrotransposition may represent a form of plasticity in 
response to experience. Here, we use droplet digital polymerase chain reaction to show 
that natural variations in maternal care mediate the mobilization of long interspersed 
nuclear element-1 (LINE-1 or L1) retrotransposons in the hippocampus of the mouse brain. 
Increasing the amount of maternal care blocks the accumulation of L1. Maternal care also 
alters DNA methylation at YY1 binding sites implicated in L1 activation and affects expression 
of the de novo methyltransferase DNMT3a. Our observations indicate that early life 
experience drives somatic variation in the genome via L1 retrotransposons. 


he brain exhibits plasticity in response to 

environmental experience, particularly dur- 

ing the first weeks of life. A portion of this 

plasticity can be attributed to modification 

of DNA through epigenetic changes such as 
methylation or chromatin remodeling. However, 
dynamic neuronal DNA sequences suggest a role 
for mobilization of retrotransposons or induction 
of other structural variants in experience-driven 
brain plasticity (1, 2). We developed Taqman as- 
says for droplet digital polymerase chain reaction 
(ddPCR) to probe the number of long inter- 
spersed nuclear element-1 (L1) retrotransposon 
copies present in mouse genomic DNA (fig. S1). 
Although L1 is the most abundant class of retro- 
transposons, comprising about 17% of human and 
mouse genomes, most copies are truncated or 
otherwise mutated such that mobilization is no 
longer possible. The average human genome re- 
tains 80 to 100 active L1 copies; the mouse genome 
retains more than 3000. We designed our assays 
to enrich for the currently active families of L1 in 
the mouse genome [LIMdT, LIMdGf, and LIMdA 
(3)] (fig. SIA). Full-length L1 retrotransposons are 
composed of a 5’ untranslated region (5'UTR) 
with an internal Pol II promoter, two open read- 
ing frames (ORFs), and a 3'UTR followed by a 
Poly(A) tail. L1 elements mobilize through a “copy 
and paste” mechanism, in which full-length Li 
mRNA is reverse transcribed beginning at the 3’ 
end and inserted into a new genomic location. 
In many cases, either reverse transcription stops 
early or the intermediate single-stranded DNA 
(ssDNA) is degraded before the insertion is re- 
solved, resulting in 5’ truncated insertions. To 
account for these multiple forms, we designed 
four assays spanning different regions of the 
element to gain insight into the length of L1 
copies detected by ddPCR. As expected, assays 
for the 5’ end of Li had fewer sequence matches 
in the mouse reference genome and were more 


Laboratory of Genetics, The Salk Institute for Biological 
Studies, La Jolla, CA 92037, USA. 

*Corresponding author. Email: tbedrosian@salk.edu (T.A.B.); 
gage@salk.edu (F.H.G.) 


Bedrosian et al., Science 359, 1395-1399 (2018) 


likely to belong to a full-length element than 
assays for the 3’ end of LI (fig. $1, B and C). In 
addition, we developed assays for mouse 5s ri- 
bosomal DNA and mouse minor satellite DNA 
for use as stable, multicopy endogenous reference 
genes (fig. S1, D and E). 

Rodents exhibit natural variations in maternal 
care that influence the neurodevelopment and 
adult behavior of their offspring (4). Some of the 
lasting effects of maternal care have been linked 
to epigenetic changes precipitated by the amount 
of licking/grooming and arched-back nursing that 
a pup receives from its mother (5). Different gene 
expression patterns, stress responses, and DNA 
methylation profiles are activated depending on 
the quality and quantity of maternal care. We 
leveraged this range of maternal care to examine 
the effects of neonatal care on L1 copy number in 
mice. We monitored the behavior of dams with 
their pups during the first 2 weeks after parturi- 
tion. Individual variations were observed in ma- 
ternal style, as previously reported (Fig. 1A) (6). 
We divided mice into two groups based on me- 
dian total maternal behavior, which revealed two 
distinctive maternal styles, high maternal care 
and low maternal care, across the 2-week obser- 
vation period (Fig. 1B and fig. S2A). Variations in 
maternal care did not affect body mass gain in 
the pups (fig. S2B). At weaning on postnatal day 
(PND) 21, the total percent time dams spent on 
maternal care was significantly correlated with 
Ll copy number measured in the hippocampus 
of their offspring (Fig. 1C and fig. $3) but not in 
the frontal cortex or heart (fig. S4, A and B). 
Because this effect was not identified in all tis- 
sues, it is unlikely to be a result of inherited 
differences in L1 copy number. Furthermore, 
we studied genetically homogeneous inbred mice, 
in which the L1 copy number was similar among 
the dams and sires (fig. S4C). To investigate cell- 
type specificity and to rule out differences in 
cytoplasmic L1 DNA, we sorted hippocampal 
nuclei by NeuN expression using fluorescence- 
activated cell sorting (FACS). By single-nuclei 
quantitative PCR, we detected a higher hippo- 
campal L1 copy number in NeuN* nuclei from 
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PND 21 pups reared with low maternal care 
(Fig. 1, D and E). 

Other genomic events besides retrotransposi- 
tion could account for an increase in L1 copy num- 
ber. For one, mobile elements could be reverse 
transcribed and exist as extrachromosomal ssDNA 
or circular DNA without integrating into the ge- 
nome. To investigate this possibility, we treated 
samples with single-stranded deoxyribonuclease 
or size-selected high-molecular-weight DNA, but 
neither treatment significantly changed the pat- 
tern of L1 3'UTR detected (fig. S5, A and B). Alter- 
natively, L1 copy number could be increased as a 
result of large-scale genomic duplications. How- 
ever, we observed similar copy numbers of LIMdV, 
a nonmobile family of L1, between mice reared 
with high or low maternal care (fig. S5C). Further, 
early life experience seemed to specifically affect 
LI retrotransposons, because copy numbers of 
other mobile elements—short interspersed nuclear 
element (SINE) B1, SINE B2, and intracisternal A 
particle (IAP) elements—did not correlate with 
maternal care (fig. S5D). 

The generation of genomic diversity by L1 
elements is likely a dynamic, lifelong process that 
begins during embryonic development. Retro- 
transposition activity is increased as neural pro- 
genitors differentiate into neurons (2); thus, early 
life (when the brain is undergoing extensive 
growth and differentiation) represents a prime 
stage in which to uncover the sensitivity of L1 
to experience. L1 retrotransposition rates are 
higher in the mouse brain compared with other 
tissues and, among brain subregions, highest in 
the hippocampus, a region sensitive to environ- 
mental stimuli (7, 8). During the first week of life, 
the hippocampus is one of the few structures in 
the rodent brain that is still undergoing exten- 
sive cell division and differentiation, making it 
more likely to foster retrotransposition than other 
brain regions at that time (9). 

To confirm that low maternal care was elicit- 
ing an increase in hippocampal L1 copy number, 
we examined the timeline of L1 accumulation 
and the effects of manipulating maternal behav- 
ior (Fig. 2A). We used a paradigm of separation- 
induced maternal care by exposing dams to 3 hours 
of maternal separation daily. Maternal separation 
was initially developed as a rat model of neglect, 
but mice and some strains of rats actually com- 
pensate for the separation by increasing their care 
upon reunion with the litter (10-73). Maternal 
separation in our study did not reduce maternal 
care, in agreement with previous reports in mice 
(12-14), but it did reduce the natural variations 
between individual mothers, such that dams 
undergoing maternal separation showed a consist- 
ently high level of arched-back nursing, licking- 
grooming, and contact time when reunited with 
their litters (Fig. 2, B and C). At PND 0, before 
the pups received any appreciable maternal care, 
we measured similar hippocampal L1 copy num- 
bers among mice born to high- or low-maternal- 
care dams; however, by PND 7, we observed 
more LI copies in mice reared with low maternal 
care (Fig. 2D). The accumulation of L1 copies was 
blocked in mice reared by highly maternal dams 
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that compensated for separation (Fig. 2D). In 
addition, we performed a cross-fostering exper- 
iment in which two to four pups from each litter 
were reared by a foster dam beginning at PND 0. 
L1 3'UTR copy number was better correlated 
with the maternal care of the dam that reared 
the pups and not with the care of the biological 
dam (Fig. 2E). 

To examine the mechanism whereby maternal 
care affects L1 copy number, we analyzed the rate 
of neurogenesis. Stimuli that enhance neurogenesis 
may promote retrotransposition because dividing 
cells are permissive to the L1 ribonucleoprotein 
complex entering the nucleus. We injected mice 
daily, for the first 7 days of life, with EdU, a marker 
of cell proliferation. Then we collected the hippo- 
campi at PND 21 and used flow cytometry to 
quantify cells expressing EdU and Prox1, a marker 
of dentate granule neurons. Mice reared with 
high or low maternal care had similar numbers 
of EdU*/Prox1* neurons and EdU*/Prox!' cells, 
suggesting no difference in neurogenesis rate 
(fig. S6, A and B). 

Next, we analyzed methylation of L1 because 
gene- and brain region-dependent effects of ma- 
ternal care on DNA methylation have been re- 
ported (5, 15). We narrowed our analysis to the Tf 
family of L1 elements, because this is the most 
active and evolutionarily recent family of mouse 
Ll elements (3). The LIMdTf promoter consists 
of a variable number of repeat monomers, with 
each representing a CpG island and including a 


Fig. 1. Natural variations in maternal care 
predict hippocampal L1 copy number. 

(A) Distribution of time spent on maternal care. 
Dams above the median were called “high 
maternal,” and dams below the median were 
called “low maternal.” N = 84. Photos show 
representative low maternal (left) and high 
maternal (right) dams. (B) Breakdown of mean 
time spent performing maternal versus self- 
directed behaviors. Low: N = 41; High: N = 43. 
(C) Hippocampal L1 copy number in PND 

21 offspring is inversely correlated with maternal 
care received during the first two postnatal 
weeks. Linear mixed model (LMM), with 
maternal care and sex as fixed factors and a 
random intercept for litter; N = 75 pups from 

11 litters. Fixed-effect coefficients for 

care: 3'UTR, -7.66, P = 0.049; ORF2, —4.15, 

P = 0.01; ORF1, -3.60, P = 0.06; 5'UTR, -1.05, 
P = 0.03. (D) Hippocampal tissue collected 

at PND 21 was sorted based on NeuN staining. 
Micropictographs show sorted NeuN* and 
NeuN” single nuclei (arrows). (E) L1 copy 
number was higher in single neuronal nuclei 
from pups with low maternal care. ddCt (AACt) 
values for nuclei were averaged to get one value 
per mouse used for statistical analysis. Two- 
tailed t test, High NeuN™: N = 3 mice (83 nuclei), 
Low NeuN : 4 mice (83 nuclei), t = 0.41, P = 
0.40; High NeuN*: 4 mice (125 nuclei); Low 
NeuN*: 4 mice (131 nuclei), t = 2.85, P = 0.03. 
Data represented as mean + SEM. *P < 0.05. 
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YY1 transcription factor binding site required for 
LI gene expression (Fig. 3A) (16). Using bisulfite 
sequencing, we assessed a region of 13 individual 
CpGs containing the YY1 binding site to deter- 
mine the average methylation level in the hippo- 
campus (Fig. 3B). Mice that experienced low 


maternal care had less methylation across the L1 
promoter (Fig. 3C), particularly at the YY1 bind- 
ing site (Fig. 3D). This difference corresponded 
to more L1 mRNA expression in the hippocam- 
pus at PND 4 (Fig. 3E) but not in the frontal 
cortex (fig. S7). To investigate how maternal care, 
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Fig. 2. Manipulating maternal care affects 
accumulation of L1 copy number. 

(A) Timeline of experimental design. Dams were 
either undisturbed or subjected to daily 3-hour 
separation from their pups during the first 2 
weeks postpartum. Pups were collected at PND 
0, PND 7, and PND 21. (B) Dams exposed to 
separation were more likely to be highly maternal 
than control dams. Control: N = 11; MS 
(maternal separation): N = 9. (C) Separated dams 
showed less variability in time grooming and 
nursing their pups and time contacting pups. F 
test for equality of variances (Grooming/Nursing: 
F = 758, P = 0.0085; Contact: F = 15.12, P = 
0.0008). Control: N = 11; MS: N = 9. (D) Low 
maternal care was associated with increased 
hippocampal L1 copy number beginning at PND 
7, but separation (which caused compensatory 
increases in care) blocked the increase in 

copy number. Two-tailed t test, PO: High N = 6, 
Low N = 7, MS N = 4; P7: High N = 4, Low 
N=5, MS N =5; P2l: High N = 5, Low N = 4, MS 
N = 9. 3'UTR high versus low, t = 2.91, P = 0.03: 
MS versus low, t = 2.82, P = 0.02. ORF2 high 
versus low, t = 4.14, P = 0.01; MS versus low, t = 
4.64, P < 0.01. ORF1 P7 high versus low, 

t = 1.94, P = 0.04, P21 MS versus low, t = 4.04, 
P <0.01. 5'UTR MS versus low, t = 2.70, P = 
0.02. (E) In another cohort of mice, two to four 
pups from each litter were fostered to another 
dam on PND O. L1 3'UTR copy number in the 
hippocampus at PND 21 correlated better with 
the care the pups received than with the care of 
the biological mother. Pearson correlation, 
Biological pups: N = 64 pups, Foster pups: N = 
28 pups. L1 3'UTR copy number in foster 

pups did not correlate with the care of the 
biological dam. Data in bar graphs represented as 
mean + SEM. *P < 0.05. 


in general, influences methylation of the LIMdTf 
promoter, we examined gene expression of DNA 
methyltransferases in hippocampal tissue from 
our time point cohort. DNMT1 and DNMT3B ex- 
pression decreased from PND 0 to PND 21 but 
did not differ between maternal care groups. In 
contrast, DNMT3A expression peaked at PND 7, 
at which point expression was reduced in mice 
that received low maternal care (Fig. 3F). Meth- 
ylation of IAP elements, which showed no change 
in copy number with maternal care, was similar 
for all mice (fig. S8). These observations suggest 
that methylation of L1 occurs during normal 
postnatal development but to varying extents 
depending on the environment to which the de- 
veloping pup is exposed. Differential methylation 
and expression are likely only some of the mecha- 
nisms that contribute to changes in L1 copy 
number; another possibility is differential suscep- 
tibility of the DNA to accept new LI insertions. 
Our results suggest that there is plasticity at 
the level of the DNA sequence in response to envi- 
ronmental perturbations. It will be necessary to 
confirm these findings in the future using addi- 
tional methods like single-cell genome sequencing. 
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PCR-based copy number assays have the advan- 
tage of detecting relative changes across a large 
number of L1 elements but lack specificity for 
targeting somatic insertions or for distinguishing 
insertions that arise through bona fide retro- 
transposition versus another mechanism. Because 
of this lack of specificity, it is difficult to estimate 
the number of insertions per cell. Nonetheless, 
de novo insertions may have a variety of conse- 
quences depending on the site of insertion, such 
as altering expression of nearby genes, affecting 
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splicing of transcripts, or shuffling DNA through 
Ll-mediated transduction (17, 18). Somatic retro- 
transposition could affect neuronal diversity and 
function, particularly in light of the highly net- 
worked state of the brain. As previously reported 
(4), we observed more anxiety-like behavior in 
adult mice that were reared with low maternal 
care (fig. $9), although it remains unknown 
whether somatic mosaicism contributes to these 
behaviors. Single-cell sequencing has estimated 
the rate of L1 retrotransposition in the human 
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Fig. 3. Maternal care alters methylation of YY1 binding site in the L1 
promoter. (A) The LIMdTf promoter contains a CpG island and YY1 
binding site (underlined and bold) that is important for transcription of 
the element. Sequencing the bisulfite-converted Ll promoter using 
methylated DNA standards produced accurate results (inset). 

(B) Methylation was analyzed at 13 individual CpG sites in the LIMdTf 
promoter of hippocampal DNA from PND 21 mice. (©) Low maternal care 
was associated with less methylation, particularly at the YY1 binding site 
at position 9. Each row represents an individual mouse. LMM, with 
maternal care and CpG site as fixed factors and a random intercept 

for litter. Fixed factor coefficient for care: 0.18, P = 0.01. High: N = 32; 
Low: N = 44. (D) Mice reared with less maternal care had reduced 


brain to be <0.6 to 13 insertions per neuron, de- 
pending on the brain region and detection method 
(19, 20). Mice have thousands more active copies 
of L1 per cell than humans, but whether species 
differences in Ll copy number result in a pro- 
portionally greater L1 insertion rate is unknown. 
Even a few insertions could have substantial func- 
tional effects in the brain. Moreover, it was recent- 
ly reported that childhood stress and adversity 
result in hypomethylation of retrotransposons 
in humans (2/, 22). Our results demonstrate that 
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early life experience can drive structural varia- 
tion of the genome via L1 retrotransposons. 
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PLANT SCIENCE 


A single fungal MAP kinase controls 
plant cell-to-cell invasion by the 


rice blast fungus 


Wasin Sakulkoo,’ Miriam Osés-Ruiz,' Ely Oliveira Garcia,” Darren M. Soanes,' 
George R. Littlejohn,’ Christian Hacker,’ Ana Correia," 


Barbara Valent,” Nicholas J. Talbot’ + 


Blast disease destroys up to 30% of the rice crop annually and threatens global food security. 
The blast fungus Magnaporthe oryzae invades plant tissue with hyphae that proliferate and 
grow from cell to cell, often through pit fields, where plasmodesmata cluster. We showed that 
chemical genetic inhibition of a single fungal mitogen-activated protein (MAP) kinase, Pmk1, 
prevents M. oryzae from infecting adjacent plant cells, leaving the fungus trapped within a single 
plant cell. Pmk1 regulates expression of secreted fungal effector proteins implicated in 
suppression of host immune defenses, preventing reactive oxygen species generation and 
excessive callose deposition at plasmodesmata. Furthermore, Pmk1 controls the hyphal 
constriction required for fungal growth from one rice cell to the neighboring cell, enabling host 


tissue colonization and blast disease. 


last diseases of cereals are caused by the 

filamentous fungus Magnaporthe oryzae 

(synonym of Pyricularia oryzae), de- 

stroying sufficient rice each year to feed 

60 million people (7), and wheat blast disease 
now threatens wheat production in South America 
and, most recently, Asia (2). Plant infection re- 
quires an infection cell, called an appressorium, 
which uses a pressure-driven mechanism to breach 
the tough cuticle of the leaf (3, 4). Once inside 
plant tissue, the fungus elaborates pseudohypha- 
like invasive hyphae that rapidly colonize living 
host cells, secreting effector molecules to suppress 
host immunity and facilitate infection (5). MZ. oryzae 
effectors are delivered into host cytoplasm by 
means of a biotrophic interfacial complex (BIC), 
a plant-derived membrane-rich structure in which 
effectors accumulate during transit to the host 
(5-8). Hyphae then appear to locate pit fields, 
composed of plasmodesmata, which are traversed 
by constricted, narrow hyphae, enabling the spread 
of the fungus to adjacent host cells (9). The fungus 
rapidly colonizes host tissue, and disease lesions 
appear within 4 to 5 days of initial infection by 
spores. 

In this study, we investigated how M. oryzae 
colonizes host tissue and, in particular, how it 
spreads from one plant cell to the next. We first 
performed ultrastructural analysis of rice sheath 
cells infected with the pathogenic strain Guyl1. 
This analysis confirmed constriction of hyphae 
from an average diameter of 5.0 um to 0.6 pm 
during traversal of rice cells (Fig. 1, A and B, and 
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fig. S1). The rice plasma membrane in the second 
invaded cell remained intact as an electron-dense 
lining near the rice cell wall, continuous with the 
plant plasma membrane around hyphae (Fig. 1B) 
(5, 8, 9). By contrast, the rice plasma membrane 
in the first invaded cell lost integrity upon exit 
of the fungus to the next rice cell (Fig. 1, B and E) 
(7, 9, 10). 

One of the plant’s defenses against infection is 
to close intercellular plasmodesma channels by 
deposition of callose (11, 12). We visualized cal- 
lose using aniline blue staining of rice cells (Fig. 1C 
and fig. S3). Callose papillae often form at appres- 
sorium penetration sites, but no callose occlusions 
were initially observed at plasmodesmata during 
infection of the first rice cell at 27 hours post- 
inoculation (hpi) (fig. $3). Later callose deposition 
was observed at plasmodesmata by 30 hpi, con- 
sistent with the onset of cell death among ini- 
tially invaded rice cells (figs. S1 and $2). Callose 
collars then formed around the base of invasive 
hyphae after they invaded adjacent cells, at 34 hpi 
(Fig. 1C and fig. $3). These observations suggest 
that M. oryzae is able to clear plasmodesmal oc- 
clusion materials before penetrating pit fields 
(Fig. 1D). We also observed a switch from polar- 
ized to isotropic fungal growth by invasive hy- 
phae at rice cell junctions. The polarisome marker 
Spa2-green fluorescent protein (Spa2-GFP) local- 
ized to hyphal tips and then disappeared as hy- 
phal tips swelled upon contact with the host cell 
wall (fig. S2) (5). Spa2-GFP then appeared again 
at hyphal tips in newly colonized cells (fig. S2). 
Cell wall crossing was accompanied by reorgani- 
zation of fungal septins and F-actin into an 
hourglass shape at the point of maximum hyphal 
constriction (Fig. IF, figs. S2 and S10, and movie S1) 
(3, 5, 13). 

Plasmodesmata are dynamic structures through 
which proteins diffuse between plant cells (1D. 
To test whether the blast fungus can manipulate 
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plasmodesmata by increasing their size exclu- 
sion limit to facilitate effector diffusion to ad- 
jacent plant cells, we bombarded rice tissue 
infected with M. oryzae at 24 hpi with single- 
and double-sized mCherry expression vectors. 
In uninfected rice tissue, a 28.8-kDa single 
mCherry protein moved into neighboring rice 
cells but a 57.6-kDa double mCherry fusion 
protein generally did not, owing to its larger size 
(Fig. 1, G and H). By contrast, in blast-infected 
tissue, double mCherry protein diffused to ad- 
jacent rice cells. The gating limit of rice plas- 
modesmata is therefore relaxed during early 
M. oryzae infection. We then carried out time- 
lapse imaging of the fungal apoplastic effector 
Bas4 (biotrophy-associated secreted protein 4)- 
GFP (8), expressed under its native promoter, 
during plant infection (fig. S2 and movie S82). 
We observed that upon exit of the fungus to 
an adjacent cell, Bas4-GFP leaked into the host 
cytoplasm of initially colonized rice cells. How- 
ever, fluorescence did not diffuse into the newly 
colonized cells. Plasmodesmata therefore remain 
open at early stages of infection (24 to 27 hpi) but 
are closed at later stages, consistent with the 
increase in plasmodesmal callose deposition at 
30 to 34 hpi (fig. S3) (7, 14), suggesting that the 
blast fungus is able to overcome callose deposi- 
tion at pit fields to invade neighboring cells. 
Plasmodesmata may lose their structural integ- 
rity after this time, as initially infected rice cells 
lose their viability. 

To study regulatory mechanisms controlling 
invasive growth, we characterized Pmk1, a fungal 
mitogen-activated protein kinase (MAPK) essen- 
tial for appressorium development and pathoge- 
nicity that is conserved in many plant-pathogenic 
fungi (75). Pmk1 null mutants of M. oryzae cannot 
infect rice plants even when mutants are inocu- 
lated onto wounded leaves (75). We decided to 
conditionally inactivate the Pmk1 MAPK using 
a chemical genetic approach. We generated an 
analog-sensitive (AS) allele of PMK1 (pmk1*°) by 
mutating the gatekeeper residue of the kinase 
adenosine triphosphate (ATP)-binding site into a 
small amino acid residue, glycine. The equivalent 
(Shokat) mutation previously reported in yeast 
fus3-as1 confers susceptibility to the ATP analog 
1-naphthyl-PP1 (INA-PP1) (16). Expression of 
the pmk1“* allele, under control of its native 
promoter, restored pathogenicity to a Apmk1 
mutant (fig. S4). Addition of INA-PP1 selectively 
inhibited the function of Pmk1“S mutants, pre- 
venting appressorium development (fig. S4), a 
result that was identical to the effects of PMK1 
deletion or expression of a kinase-inactive allele 
(17). We also observed that inhibiting Pmk1 after 
appressorium formation blocked cuticle penetra- 
tion by preventing assembly of the septin ring at 
the appressorium pore (fig. S5). 

To test the role of Pmk1 in tissue invasion, we 
allowed a pmk1“* mutant to invade the first rice 
epidermal cell before adding INA-PP1 at 26 hpi. 
This treatment blocked invasion of adjacent epi- 
dermal cells, resulting in the first infected cells 
becoming filled with fungal hyphae (Fig. 2, A and 
B). Pmk1 inactivation did not affect the structure 
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Fig. 1. Cell-to-cell invasion and plasmodesmal manipulation by 

M. oryzae. (A) Transmission electron micrograph of an invasive hypha 

(IH) traversing a rice cell wall (RCW) at 42 hpi. Scale bar, 0.5 um. 

(B) High-magnification view of the crossing site. The rice plasma membrane 
(RPM), fungal plasma membrane (FPM), and fungal cell wall (FCW), 

and extrainvasive hyphal membrane (EIHM) are indicated. Scale bar, 20 nm. 
(C) Callose deposition in an infected rice cell at 34 hpi, shown by aniline 
blue staining. Arrowheads indicate plasmodesmal callose deposition. 
Arrows indicate callose collars that form around hyphae after they enter 
adjacent cells (asterisks). Scale bar, 5 um. (D) Hyphae traversing the 

cell wall at a pit field (arrow). Scale bar, 0.5 um. (E) Difference in host 


of BICs or the morphology of invasive hyphae 
(fig. S6A). In the presence of INA-PP1, hyphae of 
the pmk1“* mutant still formed terminal swell- 
ings at host wall contact points (Fig. 2C) (9) but 
could not breach adjacent cells. Inhibition of Pmk1 
also blocked rice cell invasion in a second rice 
cultivar, Mokoto, and in barley (fig. S6, B and C). 
Pmk1 inhibition was accompanied by rapid de- 
repression of reactive oxygen species (ROS) gen- 
eration, a key plant defense response, and increased 
ROS-dependent callose deposition (Fig. 2, D and 
E, and fig. S6). To confirm the role of Pmk1 in cell 
wall crossing, we performed live-cell imaging of a 
functional Pmk1-GFP protein, which showed ex- 
pression of the protein during appressorium- 
dependent cuticle penetration (Fig. 2F) (77) but 
also upon contact of invasive hyphae with rice 
cell walls just before invasion of the neighboring 
cell (Fig. 2G and movie S4). M. oryzae has two 
additional MAPKs: Osm1, which is dispensable 
for virulence (78), and Mps1, which regulates cell 
integrity and is necessary for fungal infection 
(19). We therefore generated an analog-sensitive 
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mps1 (mps1“5) mutant and found that selec- 
tive inactivation of Mpsl enhanced host de- 
fenses (20) but did not block cell-to-cell invasion 
(fig. S7). 

To investigate how Pmk1 regulates invasive 
growth, we performed RNA sequencing (RNA-seq ) 
analysis to compare M. oryzae gene expression 
levels during infection with the pmk1*s mutant 
in the presence and absence of INA-PP1. Using an 
adjusted P value of <0.05 for differential gene 
expression, we found 1457 fungal genes with altered 
expression during Pmk1 inhibition, accounting 
for 11.5% of total protein-encoding genes. Of these, 
715 fungal genes were up-regulated and 742 were 
down-regulated (table S2). A subset of effector 
genes implicated in plant immunity suppression 
were positively regulated by Pmkl1, including genes 
for Avr-Pital (6); Slp1, which suppresses chitin- 
triggered immunity (27); Avr-Pik; and several Bas 
effectors, including Bas2 and Bas3 effectors (8) 
that putatively function at cell wall crossing sites 
(Fig. 3A and fig. S8). We expressed Bas2-GFP and 
Bas3-GFP in the pmk1“* mutant and found that 
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non infected infected 


cytoplasmic contents between the first and second invaded cells 

(for a larger image, see fig. SIG). VC, vacuole. Scale bar, 1 um. 

(F) Localization of a septin Sep5-GFP collar at rice cell crossing points 
(arrow and high-magnification inset) at 40 hpi. Scale bars, 10 um 

(main panel); 5 wm (inset). (G) Diffusion of single and double mCherry 
fluorescent proteins in uninfected leaf tissue (left and middle panels, 
respectively) and in leaves infected with M. oryzae (right panel) at 24 hours 
(9). Asterisks indicate bombarded cells. Scale bars, 10 um. (H) Percentages 
of bombarded cells showing diffusion of mCherry proteins in blast-infected 
and uninfected rice tissues (*P = 0.05; n = 100 cells; error bars 


they were not expressed in the presence of INA- 
PPI (Fig. 3, Band C). We also generated a pmk1“* 
strain expressing cytosolic GFP under control 
of the Bas3 promoter (Fig. 3, D to F). The ad- 
dition of INA-PP1 inhibited GFP expression 
during appressorium-mediated infection (Fig. 3D) 
and during invasive growth (Fig 3, E and F). 
Localization of other fungal effectors was not 
affected by Pmk1 inactivation (fig. $8), and 
Pmki therefore affects expression of a subset 
of fungal effectors involved in suppression of 
host immunity. 

To test whether suppression of host immunity, 
particularly at plasmodesmata, could explain the 
role of Pmk1 in cell invasion by M. oryzae, we 
suppressed host immune reactions simulta- 
neously with Pmk1 inhibition. We found that chem- 
ical suppression of plant ROS or disruption of 
salicylic acid regulation did not reverse the effects 
of Pmk1 inactivation (fig. S9). To suppress host 
immunity completely, we therefore killed plant 
tissue by ethanol treatment before rehydration 
and inoculation with the pmk1“* mutant. In the 
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Fig. 2. Pmk1 MAPK-dependent regulation of cell-to-cell spread by 
M. oryzae. (A and B) Effect of Pmk1 inhibition on host colonization at 
48 hpi. Infected rice tissues were treated with 5 wM 1NA-PP1 at 26 hpi. 
Asterisks indicate appressorium penetration sites. Error bars in 

(B) indicate SE. (C) Formation of swollen hyphae (arrows) by the pmki4S 
mutant upon contact with the host cell wall in the presence of INA-PP1, 
imaged at 40 hpi. (D and E) Induction of ROS production, shown by 


presence of INA-PP1, the mutant still remained 
trapped in the first dead plant cell (Fig. 4A). We 
therefore hypothesized that Pmk1-dependent 
hyphal constriction must be critical for cell wall 
crossing at pit fields. This relationship would 
correspond with the role of Pmk1 in septin- 
dependent appressorium repolarization (fig. S5) 
(3, 13). Consistent with this idea, RNA-seq anal- 
ysis revealed several morphogenetic regulators 
down-regulated during Pmk1 inhibition. Genes 
for Chml, a homolog of Cla4 p21-activated pro- 
tein kinase that phosphorylates septins (22), and 
a putative F-actin cross-linking protein, alpha- 
actinin, for example, are among genes positively 
regulated by Pmk1 during plant infection (table S2). 
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We therefore investigated septin organization 
during Pmk1 inhibition. Sep5-GFP still accu- 
mulated at cell wall contact points but as a dis- 
organized mass instead of the septin collars that 
normally form at cell wall crossing sites (Fig. 4, 
figs. S10 and S11, and movies S3 and S5). Finally, 
we investigated the ability of septin mutants 
to invade plant tissue. Septin mutants do not 
penetrate the rice cuticle efficiently because 
of the roles of septins in appressorium repolar- 
ization and the development of penetration 
hyphae (3). However, a small proportion of 
penetration events are successful. In these rare 
instances, the Asep6 mutant, in particular, showed 
a reduction in its ability to spread between rice 
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3,3'-diaminobenzidine (DAB) staining, after the addition of INA-PP1 at 
26 hpi. Images were taken at 48 hpi. n = 300 infection sites; *P < 0.05, 
**P < 0.01, ***P < 0.001, unpaired Student's t test. Error bars in 

(E) denote SE. Scale bars in (A), (C), and (D), 20 um. (F) Transient 
accumulation of Pmk1-GFP in an appressorium during emergence 

of a penetration hypha. (G) Transient accumulation of Pmk1-GFP in 
hyphae at rice cell crossing points (asterisks). 


cells, consistent with a role for septins in cell 
invasion (fig. S12). 

Taken together, our results demonstrate that 
the Pmk1 MAPK pathway controls plant tissue 
invasion by controlling the constriction of inva- 
sive hyphae to traverse pit fields in order to in- 
vade new rice cells while maintaining the cellular 
integrity of the host. To accomplish this feat, the 
MAPK also regulates expression of a battery of 
effectors to suppress plant immunity, thereby pre- 
venting plasmodesmal closure until the fungus 
has invaded neighboring cells. Plant tissue inva- 
sion by the blast fungus is therefore orchestrated, 
rapid, and necessary for the devastating conse- 
quences of the disease. 
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Fig. 3. Pmk1-dependent regulation of effector 
gene expression during biotrophic growth. 
(A) Bar chart showing relative expression levels 
[fragments per kilobase of transcript per million 
mapped reads (FPKM)] of known effector genes 
differentially regulated during Pmk1 inhibition in 
RNA-seq analysis. (B and C) Localization of 
Bas2-GFP and Bas3-GFP effectors in a pmkI*S 
mutant with and without INA-PP1. BICs are 
indicated by arrows. Scale bars in (B), (C), and 
(E), 20 um. (D to F) Expression of cytosolic 

GFP driven by the BAS3 promoter (Bas3p:GFP) 
in a pmki“S mutant. (D) Strong GFP expression 
at 24 hpi in appressoria undergoing infection 

and lack of GFP expression in appressoria 

treated with INA-PP1 at 8 hpi. Scale bar, 

10 um. (E) GFP expression in pmk1“° hyphae exposed 
to INA-PPI1 at 26 hpi and imaged 

at 30 hpi. (F) Dot plot of Bas3p:GFP fluorescence 
in a pmk1*> mutant treated with 5 wM INA-PP1 

at 26 hpi or left untreated. Images were taken 

at 30 hpi, and background was subtracted 

before measurement of fluorescence levels. 

****P < 0.0001, unpaired Student's t test; three 
biological replicates. 


Fig. 4. Pmk1 controls septin-dependent 
morphogenesis of narrow invasive hyphae 
traversing cell walls. (A) Micrographs 
showing that the pmk1*> mutant, growing 

in ethanol-killed rice tissue treated with 
1NA-PP1 at 14 hpi, remained trapped inside 
initially invaded rice cells in all 200 infection 
sites examined at 48 hpi. Asterisks 

indicate appressorium penetration sites. 
Scale bar, 20 um. (B) Confocal micrographs 
showing localization of Sep5-GFP in 

a pmki*S mutant at 42 hpi after the addition 
of INA-PP1 (5 uM) at 26 hpi or in the 

absence of INA-PP1. Arrows indicate 
accumulation of Sep5-GFP at rice cell contact 
points. Scale bars, 10 um. Red arrows in 
high-magnification panels show line scans used 
to generate corresponding fluorescence intensity 
distribution graphs. 
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Lymph node metastases can invade 
local blood vessels, exit the node, 
and colonize distant organs in mice 


Ethel R. Pereira,’ Dmitriy Kedrin,”” Giorgio Seano,’ Olivia Gautier,” 
Eelco F. J. Meijer,’ Dennis Jones,’ Shan-Min Chin,’ Shuji Kitahara,* 
Echoe M. Bouta,’ Jonathan Chang,” Elizabeth Beech,’ Han-Sin Jeong,°® 
Michael C. Carroll,’ Alphonse G. Taghian,® Timothy P. Padera’* 


Lymph node metastases in cancer patients are associated with tumor aggressiveness, 
poorer prognoses, and the recommendation for systemic therapy. Whether cancer cells 
in lymph nodes can seed distant metastases has been a subject of considerable debate. We 
studied mice implanted with cancer cells (mammary carcinoma, squamous cell carcinoma, 
or melanoma) expressing the photoconvertible protein Dendra2. This technology allowed 
us to selectively photoconvert metastatic cells in the lymph node and trace their fate. 

We found that a fraction of these cells invaded lymph node blood vessels, entered the blood 
circulation, and colonized the lung. Thus, in mouse models, lymph node metastases can 
be a source of cancer cells for distant metastases. Whether this mode of dissemination occurs 


in cancer patients remains to be determined. 


olid tumor progression is characterized by 

metastasis to regional lymph nodes and 

dissemination to distant organs. The pres- 

ence of lymph node disease in cancer pa- 

tients correlates with a poorer prognosis 
and partially dictates the course of treatment 
(1-5). However, there is a robust ongoing debate 
about the role of lymph node metastasis in fur- 
ther progression of disease (6, 7). Some experts 
contend that localized lymph node metastases 
are clinically inconsequential (8, 9), whereas 
others contend that lymph node metastases have 
the potential to seed distant organs (5, 10-12) 
and therefore should be treated to prevent dis- 
tant metastasis (13, 14). This debate has taken 
on new urgency with the recent completion of 
clinical trials that suggest that nodal dissection 
beyond the sentinel (first) lymph node does not 
provide therapeutic benefit to patients who have 
received adjuvant radiation therapy and systemic 
therapies (75-19). Other data show that radiation 
therapy of regional lymph nodes improves the 
outcome of patients with early stage breast 
cancer (20, 21), suggesting that treatment of 
metastatic lymph nodes benefits a subgroup of 
patients (22, 23). 
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In this study, we used mouse models to inves- 
tigate whether cancer cells can exit the lymph 
node and disseminate to distant sites. We sta- 
bly expressed the photoconvertible fluores- 
cent protein Dendra2 (cytosolic localization) 
or Dendra2 fused to the nuclear protein histone 
H2B (Dendra2H2B nuclear localization) in 4T1 
murine mammary cancer cells (a model of triple- 
negative breast cancer), BIGF10 murine mela- 
noma cells, and SCCVII murine squamous cell 
carcinoma cells. Dendra2 is a green-emitting fluo- 
rescent protein that can be converted to emit 
red light by exposure to 405-nm light (24). Ex- 
pression of Dendra2 in these cell lines did not 
affect cell migration, proliferation rates, or in vivo 
tumor growth when compared with parental 
lines (fig. S1). We orthotopically implanted tu- 
mor cells into syngeneic mice and resected the 
primary tumor once it reached a volume of ~250 to 
500 mm”. Next, we used a 405-nm laser diode on 
5 consecutive days to convert Dendra2H2B can- 
cer cells from green to red fluorescence, restrict- 
ing the light exposure to the metastatic lymph 
node (Fig. 1A). Tissue clearing of the resected 
primary tumor revealed that no cancer cells at 
the primary site underwent spontaneous photo- 
conversion (fig. S2). The in vivo photoconversion 
efficiency in the lymph node was 70% for 4T1 
cells, 62% for BIGF10 cells, and 56% for SCCVII 
cells (fig. S3). 

We next determined whether photoconverted 
circulating tumor cells (CTCs) appeared in the 
blood of animals that had undergone photo- 
conversion of the lymph node. The presence of 
red fluorescent CTCs would show that these cells 
originated from lymph node metastases. We iden- 
tified red photoconverted 4T1 CTCs and B16F10 
CTCs (Fig. 1, B and C, and fig. $4, A and B) that 
disseminated from the lymph node. CTCs from 
4T1-Dendra2 and 4T1-Dendra2H2B lymph node 
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metastasis were grown in vitro to confirm viabil- 
ity. Both viable red (lymph node origin) and green 
fluorescent CTCs were observed after 1 day in 
culture. By day 7, only green colonies formed, as 
red fluorescence is lost as the photoconverted 
cells divide (fig. S4C). These data show that vi- 
able cancer cells from the lymph node have the 
potential to exit the node and survive in the blood. 
We did not detect photoconverted SCCVII CTCs 
(Fig. 1B and fig. S4D), although our methods 
could detect these cancer cells when photocon- 
verted in vitro (fig. S5A) and in the lymph node 
of SCCVII tumor-bearing animals (fig. S5B). 
To explore whether cancer cells in lymph nodes 
can seed distant organs, we analyzed the lungs of 
mice after photoconversion of their lymph node 
metastasis. Confocal microscopy revealed the 
presence of isolated photoconverted (red) cancer 
cells in the lungs of animals with 4T1 (Fig. 2, 
A and B) and B16F10 cancers (Fig. 2, C and D). 
Among the isolated cancer cells detected in the 
lung, 70% of 4T1 cells and 68% B16F10 cells were 
of lymph node origin (Fig. 2, B and D). We per- 
formed a spectral scan from 426 to 661 nm with a 
5-nm bandwidth (fig. S6), which showed distinct 
signals for DAPI (4’,6-diamidino-2-phenylindole) 
(emission maximum: 450 nm), native Dendra2H2B 
(emission maximum: 507 nm), and photoconverted 
Dendra2H2B (emission maximum: 572 nm) (24) in 
lung sections, with no detectable signal at other 
wavelengths. These data demonstrate the spec- 
ificity of our detection methods to identify lung 
metastasis of lymph node origin. We did not detect 
cancer cells in the lungs of SCCVII-bearing mice. 
We next evaluated whether the primary tumor 
can also seed the lung directly without transit- 
ing the lymph node. By photoconverting 4T1- 
Dendra2H2B primary tumors only (fig. S7A), 
before their dissemination to the draining lymph 
node (fig. S7B), we detected photoconverted CTCs 
(fig. S7C) in whole blood from these animals, 
which could only have originated from the primary 
tumor. Next, we prophylactically excised the 
sentinel lymph nodes from BALB/c mice (fig. 
S8) before injecting 4T1-DendraH2B cancer cells 
into the mammary fat pad (MFP). Two weeks 
after primary tumor resection, we detected CTCs 
and lung metastases in the absence of lymph nodes. 
However, animals with intact lymph nodes had 
higher numbers of CTCs and lung metastases 
compared with animals with lymph nodes re- 
moved (fig. S8). Taken together, these data show 
that cancer cells from the primary site can direct- 
ly enter the systemic circulation and seed the lung. 
We then examined whether both routes of 
metastasis—transit via the lymph node or transit 
directly from the primary tumor—can contribute 
to distant metastatic lesions. To this end, we in- 
jected Dendra2-expressing (green fluorescent 
protein) 4T1 cancer cells directly in the axillary 
lymph node (fig. S9A). On the contralateral side, 
the lymph node was removed 1 week before in- 
jection of mCherry-expressing (red fluorescent 
protein) 4T1 cancer cells into the MFP (Fig. 2E 
and fig. S9B). Ten days after resecting both the 
tumor-bearing lymph node and the MFP tumor, 
we detected both red and green lung metastases 
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Primary tumor 


Lymph node metastasis 


4T1-BALB/c 


Fig. 1. Circulating tumor cells (CTCs) that transited through the 
lymph node are detected in mouse models. (A) Dendra2H2B-positive 
cancer cells were injected orthotopically into syngeneic recipients. 
Approximately 20 days later, the primary tumor was resected and tumor- 
draining lymph nodes were photoconverted using a 405-nm diode for 

5 consecutive days. Blood was analyzed for the presence of green and red 
fluorescent CTCs using an Amnis Imagestream flow cytometer. (Photo- 
converted animals: 4T1 model, n = 11; B16F10 model, n = 7; SCCVII model, 
n= 5. Control animals: 4T1 model, n = 5; B16F10 model, n = 7; SCCVII, 

n = 3.) (B) Dendra2H2B-4T1 and Dendra2H2B-B16F10 cells but not 


(Fig. 2F; H&E staining in fig. S9C). We measured 
a large variation in the ratio of green:red meta- 
static lung lesions across multiple animals (aver- 
age ratio of eight green:five red metastatic lesions) 
(Fig. 2G). Despite this large variation, every ani- 
mal had lung metastases that originated from both 
lymph node lesions and directly from the primary 
tumor. 

Cancer cells could take two possible routes to 
exit the lymph node and spread systemically— 
through lymph node blood vessels or efferent 
lymph. We hypothesized that cancer cells can 
escape the lymph node by directly invading 
lymph node blood vessels. Immunohistochemical 
analysis of 4T1 tumor-draining lymph nodes re- 
vealed isolated cancer cells (cytokeratin positive) 
in close association with CD31-positive blood 
vessels, within high endothelial venules and 
breaching the vascular basement membrane 
(collagen IV positive) (Fig. 3A). In metastatic 
lymph nodes with only isolated cancer cells (fig. 
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S10A), quantitative analysis showed that 23 + 2% 
of isolated cancer cells were within 5 um of a 
blood vessel, compared with only 11 + 1% of cancer 
cells in a model of randomly distributed cells in 
the lymph node (Fig. 3, B and C, P < 0.05). Fur- 
ther, 6 + 2% of the cancer cells were inside blood 
vessels (Fig. 3D and fig. S10B). A similar anal- 
ysis performed in lymph nodes containing larger 
metastatic lesions (>200 um in diameter, fig. SILA) 
did not show this tropism (fig. S11B, P > 0.05). As 
metastatic lesions grow, the surface area of the 
blood vessels becomes limiting, causing the dis- 
tribution of cancer cells to revert to that of a 
random distribution. This phenotype is consist- 
ent with the lack of sprouting angiogenesis in 
lymph node metastases (25). In lymph nodes with 
large lesions, 1 + 0.5% of cancer cells were found 
in blood vessels (Fig. 3D). A similar analysis did 
not show an association between cancer cells and 
lymphatic vessels in tumor-draining lymph nodes 


(fig. S12, P > 0.05). 
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405nm LN exposure sham LN exposure 


Photoconverted Dendra2H2B CTCs in blood 


Overlay 


Native Dendra2H2B CTCs in blood 


3693.29 


© 


Dendra2H2B-SCCVII cells photoconverted in the draining lymph node 
(LN) were detected in the blood. Data are represented as the percentage of 
red CTCs (photoconverted) among total detected CTCs. Green CTCs were 
detected in all three models. For 405-nm light exposure compared with 
sham exposure for individual cells lines, **P < 0.005 and ***P < 0.0005. 
Error bars indicate SEM. (C) Representative images obtained by Image- 
stream flow cytometry of CTCs from 4T1/BALB/c and B16F10/C57BL/6 
mouse models show positive photoconverted cancer cells verified by 
nuclear localization of Dendra2H2B. Numbers indicate fluorescence 
intensity. BF, bright field. 


We also analyzed lymph nodes with large 
metastatic lesions from 19 patients with head 
and neck cancer. Similar to large lesions in mouse 
lymph nodes, cancer cells in human lymph nodes 
did not demonstrate measurable tropism to blood 
vessels, owing to the limitation in vessel surface 
area. However, at the edge of the metastatic 
lesions, we found cancer cells that were closely 
associated with blood vessels (fig. S13). In addi- 
tion, we detected isolated cancer cells inside 
blood vessels in 6 of the 19 patient samples (fig. 
$13), consistent with our preclinical data. 

To confirm that metastatic cancer cells in a 
lymph node have an affinity for lymph node 
blood vessels, we used time-lapse multiphoton 
intravital microscopy to measure cancer cell mi- 
gration in an optical lymph node window in mice 
(25). Dendra2-expressing metastatic cancer cells 
are first seen in the subcapsular sinus and later 
invade the cortex of the lymph node. There, they 
accumulate around rhodamine-dextran-labeled 
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blood vessels (Fig. 4, A to C, and fig. S14) or asso- 
ciate with lymph node conduits, which contain a 
fibrillar collagen core surrounded by fibroblastic 
reticular cells (FRCs) (Fig. 4D). Cancer cells can 
be observed in directed migration toward blood 
vessels as well as moving inside blood vessels 
(movies S1 to S3 and Fig. 4E). Time-lapse imaging 
of tumor-draining lymph nodes revealed that only 
a small fraction of cancer cells in the lesion are 
motile. Both 4T1 and SCCVII cells that were mo- 
tile had an average speed of 7 um/hour (Fig. 4F), 
similar to the speed of resident lymph node 
stromal cells such as FRCs, follicular dendritic 
cells, macrophages, and resident dendritic cells 
(26). However, a greater fraction of 4T1 cells were 
motile compared with SCCVII cells (Fig. 4G). Con- 
sistent with our observations in tissue sections 
(Fig. 3F), cancer cells create persistent associa- 
tions with blood vessels (Fig. 4, B and C) as well 
as conduits (Fig. 4D). The conduit system is an 
interconnected collagen network formed by 
FRCs that creates pathways for dendritic cells to 
navigate through the lymph node to interact with 
naive lymphocytes near high endothelial venules 
(27). We speculate that, similar to dendritic cells, 
cancer cells use the conduit system to aid in their 
migration to lymph node blood vessels. 


Fig. 2. Metastatic cancer cells in the 
lymph node can colonize the lung. (A and 
C) Sections (100-um thickness) of fresh frozen 
lungs were obtained from Dendra2H2B-4T1 
and Dendra2H2B-B16F10 tumor-bearing 
mice that either had their lymph nodes 
photoconverted with a 405-nm diode or 

had no photoconversion. The top panels are 
representative images of micrometastatic 
cancer cells (arrowheads) in the lung from 
control animals (no photoconversion), 
whereas the bottom panels show photo- 
converted isolated cancer cells that have 
colonized the lung via the lymph node. 

Scale bars, 20 um. (B and D) Percentage of 
cancer cells (green, not photoconverted; red, 
photoconverted) detected in the lungs of 
Dendra2H2B-4T1 (n = 8) and Dendra2H2B- 
B16F10 (n = 8) tumor-bearing mice. *P < 0.05 
when we compared 405-nm light exposure 
(photoconverted) to sham light exposure 
(unconverted) for individual cells lines. Error 
bars indicate SEM. (E) Schematic of experi- 
ment to determine whether cancer cells 
injected directly in the lymph node and in 

the mammary fat pad (MFP) can both form 
large metastases in the lungs. TDLN, tumor- 
draining lymph node. (F) Image of a lung with E 
red lesions (originating from the MFP) and 
green lesions (originating from the lymph 
node) marked by arrowheads. Scale bar, 1 mm. 
(G) Lung metastases are represented as the 
percentage of metastatic lesions (mets) 

of lymph node origin (green) among total 
macroscopic lesions (red and green) (n = 10 
animals). As assessed by a one-sample 
Student's t test, metastatic lung lesions were 
shown to have originated from both lymph 
node and MFP tumors (P < 0.001). 
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The Dendra2 system has limitations. First, the 
photoconversion of the green Dendra2 protein 
to red fluorescence can be detected for only 5 to 
6 days before the cells appear green again. Second, 
the photoconversion efficiency of Dendra2H2B 
in the lymph node was ~60 to 70% in our tumor 
models. Thus, in mice that underwent photo- 
conversion of metastatic cancer cells in the lymph 
node, green-Dendra2H2B-expressing cancer cells 
in the blood or lungs could have multiple sources, 
including the primary tumor directly, uncon- 
verted cancer cells in the lymph node, or photo- 
converted cancer cells in the lymph node that 
lost their red fluorescence with cell division. 
These limitations prevent us from accurately 
assessing what percentage of distant metastases 
originates from lymph node metastases. 

The absence of detectable photoconverted 
CTCs and lung metastasis in the SCCVII cancer 
model reflects the variability in the aggressive- 
ness of cancer models in mice. We do not expect 
the selected mouse cell lines to represent the 
variability present in patient populations. Fur- 
ther, cancer cells alter their phenotype in re- 
sponse to local microenvironments as they spread 
to metastatic sites. We measured changes in the 
expression of chemokines—signaling molecules 
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that regulate cell homing and migration—as can- 
cer cells spread from the primary tumor to the 
lymph nodes and lungs (fig. S15). These data may 
provide clues as to how cancer cells can navigate 
from one metastatic site to another. 

The route of cancer cell dissemination to dis- 
tant sites in patients is complex and highly 
debated, in part because of limited clinical and 
experimental evidence. However, animal studies 
have linked large lymph node metastases to 
distant metastases (28). Further, studies using 
patient lymph node samples, human mammary 
carcinoma cells, and xenograft tumors in immune- 
deficient mice have shown that cancer cells can 
invade lymphatic vessels in the sentinel lymph 
node and spread to additional nodes (29). Sev- 
eral clinical studies have also shown a relation- 
ship between the number of involved axillary 
lymph nodes and a higher risk for distant recur- 
rence in breast cancer patients (13, 30, 31). Ge- 
netic studies examining the clonal relationships 
between cancer cells in the primary site, lymph 
nodes, and distant organs have shown that dis- 
tant metastases are more closely related to lymph 
node metastases than to primary tumors in a sub- 
set of mice and patients (32, 33). Our mouse 
studies validate these data by directly showing 


B 


10 


g 


Percent of tumor cells 
in the lun 
a 
So 


0 
Photoconverted Unconverted 


HiRed tumor cell 
WiGreen tumor cell 


oO 


f=} 
S 


in the lung 
3 


0. 


Percent of tumor cells 


Photoconverted Unconverted 


G 100: 
2 
Ey ° 
Eg 80 °. 
5 E e 
= 2 60: 
oz 
g2 e 
ge e 
2 20: Se 
a 


Green lung mets 
(LN origin) 


3 of 5 


810z ‘zz youey| UO /Gi0' Bewseousl0se0ue!0S//:d}]y WO pepeojuMOGg 


RESEARCH REPORT 


Fig. 3. Cancer cells in the lymph node associate 
with blood vessels and invade the vascular 
basement membrane. (A) (i and iv) Immuno- 
fluorescence staining of metastatic lymph nodes 
with isolated 4T1 cancer cells (anti-cytokeratin, 
green), blood vessels (anti-CD31, red), and base- 
ment membrane (anti-collagen IV, blue) shows 
cancer cells associating with blood vessels (ii and 
v, arrowheads) and the vascular basement 
membrane (iii and vi, arrowheads). A cancer cell is 
observed inside a blood vessel (ii and iii) (arrow- 
head). Scale bars, 50 um (i); 20 um Civ); 10 um 

in views of the boxed area in (i); (v) and 

(vi) represent zoomed-in views of the boxed area 
in (iv). (B) Quantification of the fraction of cancer 
cells within 5 um of a blood vessel (sample) in 

a lymph node compared with a theoretical random 
distribution (reference) of the same number of 
cells in the same lymph node shows cancer cell 
association with lymph node blood vessels. n = 11 
individual lymph nodes *P < 0.05. (C) Represent- 
ative histogram of the fraction of cancer cells 

at varying distances from the nearest blood vessel 
in a given lymph node with isolated cancer 

cells (Sample) compared with the reference 
distribution for that lymph node (reference). The 
measured distribution shows an association of 
cancer cells with blood vessels in the lymph node. 
(D) Quantification of the fraction of cancer cells 
inside a blood vessel in lymph nodes containing 
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macro-metastatic lesions (lesions) or isolated tumor cells (ITC). 


Fig. 4. Time-lapse intravital imaging of lymph 
node metastasis shows slow cancer cell migra- 
tion toward blood vessels. (A) 4T1-Dendra2- 
expressing cancer cells (green fluorescence) 
form a large colony in the subcapsular sinus 

of the draining lymph node (arrowhead). Scale 
bar, 60 um. (B and C) Cancer cells (green) that 
invaded the lymph node cortex wrapped around 
blood vessels (arrowheads), which were labeled 
by intravenous injection of rhodamine-dextran 
red). Images were obtained by multiphoton 
microscopy at a depth of 80 to 110 um below the 
surface of the lymph node. Scale bars, 20 um. 
D) Time-lapse intravital imaging of cancer cells 
green) in association with blood vessels (red) 
and collagen fibers [blue, detected by second 
harmonic generation (SHG)] over the course of 
75 min shows slow movement (arrowheads) of 
some cancer cells toward blood vessels. Images 
were obtained every 2 min, with a 50-um z-stack. 
Scale bar, 50 um. See also supplementary 
movies. (E) Quantification of the fraction of 4T1 
tumor cells per field that associate with blood 
vessels or were inside blood vessels, analyzed by 
intravital microscopy in a tumor-draining lymph 
node. (F) Quantification of the speed of individual 
cancer cells in 4T1 and SCCVII lymph node 
metastases. (G) Quantification of the percentage 
of motile tumor cells in the image field over 

75 min in 4T1 and SCCVII lymph node metastases. 
Quantification for (E) to (G) was performed on 
four to six individual mice. NS, not significant; 

*P <0.05. 
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that lymph node metastases can be a source of 
cancer cells for distant metastases. Our data 
are similar to results obtained independently 
by Brown e¢ al., using different methodologies 
in mouse models (34). Additionally, we have re- 
vealed that lymph node metastases can dissem- 
inate by invading lymph node blood vessels rather 
than by transiting through efferent lymphatic 
vessels. Further studies are needed to deter- 
mine whether dissemination of cancer cells from 
lymph nodes is a feature of human cancer and, 
if so, whether it should be a factor in treatment 
decisions. 
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Lymph node blood vessels provide 
exit routes for metastatic tumor cell 
dissemination in mice 


M. Brown,"”* F. P. Assen,” A. Leithner,” J. Abe,® H. Schachner,' G. Asfour,* 
Z. Bago-Horvath,' J. V. Stein, P. Uhrin,* M. Sixt,”*+ D. Kerjaschki’*+ 


During metastasis, malignant cells escape the primary tumor, intravasate lymphatic vessels, 
and reach draining sentinel lymph nodes before they colonize distant organs via the blood 
circulation. Although lymph node metastasis in cancer patients correlates with poor 
prognosis, evidence is lacking as to whether and how tumor cells enter the bloodstream via 
lymph nodes. To investigate this question, we delivered carcinoma cells into the lymph nodes 
of mice by microinfusing the cells into afferent lymphatic vessels. We found that tumor cells 
rapidly infiltrated the lymph node parenchyma, invaded blood vessels, and seeded lung 
metastases without involvement of the thoracic duct. These results suggest that the lymph 
node blood vessels can serve as an exit route for systemic dissemination of cancer cells in 
experimental mouse models. Whether this form of tumor cell spreading occurs in cancer 


patients remains to be determined. 


ymph nodes (LNs) are central trafficking 

hubs for recirculating immune cells (7). Con- 

ceivably, tumor cells could use this gateway 

function of LNs for metastatic colonization 

of peripheral organs (2). Although this route 
of tumor dissemination is supported by correl- 
ative evidence from mouse models (3-5) and 
patients (6-17), a causal link between LN coloni- 
zation (18-21) and peripheral metastasis has not 
been established (22). A scenario in which LNs 
act as gateways to systemic dissemination raises 
the question of whether tumor cells reach the 
blood circulation via efferent lymphatic vessels, 
via LNs of higher echelons and the thoracic duct, 
or directly via the LN blood vasculature. 

To investigate this question, we used intra- 
lymphatic microinfusion (23) to directly deposit 
defined numbers of murine 4T1 mammary carci- 
noma cells into the subcapsular sinus of popliteal 
LNs of mice (fig. SIA). These experimental LN 
metastases (ELMs) allow precise analysis of the 
earliest steps in the development of LN and suc- 
cessive pulmonary metastases in the absence of a 
primary tumor. Microinfusion was carefully ad- 
justed to preserve the delicate microarchitecture 
of the LN. It did not affect the physiological 
solute filter function of the LN stromal backbone 
(fig. S1, B and C), and it did not alter the conven- 
tional migratory paths of infused leukocytes (fig. 
S6, B and C) (J. Infused particles did not leak 
into the downstream medial iliac LN or into the 
lung (fig. S1, D and E). 
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LNs harvested immediately after intralym- 
phatic infusion with 4T1 tumor cells revealed 
that these cells initially accumulated in the sub- 
capsular sinus (Fig. 1A and fig. SIF). Within 1 day, 
tumor cells crossed the floor of the subcapsular 
sinus, and during the following 3 days, they 
progressed along the LN stromal network toward 
the center of the LN (Fig. 1 and fig. SIG). A com- 
parison with tumor-bearing sentinel LN samples 
from human breast cancer patients (fig. SIH) 
shows that the histological picture of ELMs close- 
ly resembles human pathology. Invasiveness of 
mammary carcinoma has been linked to the ex- 
pression of basal cell marker molecules (24), such 
as p63 and cytokeratin 14 (CK14). Because tumor 
cells arriving in the avascular subcapsular sinus 
need rapid access to the parenchymal blood sup- 
ply for survival, we hypothesized that upon intra- 
lymphatic infusion the tumor cells would show 
early up-regulation of invasion markers. Indeed, 
2 days after infusion, CK14 expression in the 
4T1 tumor cells was substantially increased in 
comparison with expression in orthotopically 
injected or cultured 4T1 cells (fig. S1, I and J). At 
3 days after infusion, when tumor cells had in- 
filtrated the deep LN parenchyma, the average 
CK14 levels had renormalized and the remaining 
CK14-expressing cells preferentially localized to 
the invasive margins of the ELM (fig. S1, K and 
L). Together, these data indicate that ELMs are 
a valid model of LN metastasis. 

Invading 4T1 tumor cells were found in close 
proximity and in direct contact with blood vessels 
2 days after infusion (Fig. 2A and movie S1). On 
day 3, the cells had wrapped around (movie S2) 
and intravasated (Fig. 2, B to D, and fig. S2, A to C) 
the blood vessel lumen. This association between 
tumor cells and blood vessels was not due to local 
induction of angiogenesis, as we found similar 
vessel densities within and outside infiltrated areas 
(fig. S2D). The LN blood vasculature is charac- 
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terized by special postcapillary segments termed 
“high endothelial venules” (HEVs), which serve as 
entry ports for incoming lymphocytes (J). Two- 
and three-dimensional morphometrical analyses 
of ELM specimens showed that upon their pro- 
gression toward the LN center, tumor cells grad- 
ually became associated with HEVs and frequently 
localized in their lumen (Fig. 2, C to E; fig. S2, E 
and F; and movies S3 to S6). These data indi- 
cate that HEVs are the main exit route by which 
tumor cells gain access to the blood circulation. 
Similar tumor cell-blood vessel associations and 
intravasations were observed in samples of LN 
micrometastases from human breast cancer pa- 
tients (fig. S2G). Furthermore, in ex vivo adhe- 
sion assays (fig. S2H) in which 4T1 cells were 
incubated on slices of native mouse LNs, we 
likewise observed colocalization of tumor cells 
and blood vessels (fig. S21). 

To explore whether the associations between 
tumor cells and LN blood vessels correlate with 
the formation of systemic metastasis, we intra- 
lymphatically infused mice with mCherry- and 
luciferase-expressing (mCherry* luciferase*) 4T1 
cells and then performed whole-animal in vivo 
bioluminescence imaging. Genetic labeling with 
fluorescent proteins and firefly luciferase did 
not alter tumor cell proliferation or migration 
(fig. $3). As late as 35 days after intralymphatic 
infusion with the tumor cells, the lung was the 
only organ showing macrometastasis (Fig. 3A 
and fig. S4A). This metastatic seeding pattern 
was similar to that seen when 4T1 tumor cells 
were orthotopically injected into syngeneic mice 
(fig. S4B) and to that seen when MDA-MB-231 
human mammary carcinoma cells were intra- 
lymphatically infused into immunodeficient 
mice (fig. S4C). Bioluminescence imaging of 
isolated lungs (Fig. 3B and fig. S4D) showed 
luciferase-expressing multifocal metastases 11 
and 21 days after intralymphatic infusion with 4T1 
tumor cells, and microscopic examination revealed 
tumor cell clusters as early as 6 and 11 days after 
infusion (fig. S4, E and F). These data demonstrate 
that ELMs rapidly disseminate to peripheral 
tissues. 

To determine the earliest time point at which 
tumor cells colonized the lungs, we intralymphati- 
cally infused luciferase* mCherry* 4T1 cells into 
LNs and removed the LNs after 2 or 3 days (Fig. 
3C and fig. S4G). The 2-day versus 3-day treatment 
groups were examined 11 days after infusion. In 
the 3-day cohort, 33.3% of the mice displayed 
lung metastases, whereas none were detected in 
the 2-day cohort (Fig. 3D and fig. S4H). These 
results supported our finding that tumor cells 
invaded LN blood vessels 3 days after intra- 
lymphatic infusion (Fig. 2, B to E, and fig. S2, 
A to F). Accordingly, using flow cytometry (FC), 
we detected circulating tumor cells in the blood 
as early as 3 days after intralymphatic infusion 
with fluorescent 4T1 cells (Fig. 3, E and F). 

These results were at odds with the conven- 
tional view that tumor spreading from LNs occurs 
via passage through efferent lymphatic vessels, 
LNs of higher echelons, the thoracic duct, and the 
subclavian vein (25). Hence, we used quantitative 
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FC to determine the tumor cell seeding kinetics 
of mCherry* 4T1 ELMs into lungs versus into 
medial iliac LNs, which drain the ELM-bearing 
popliteal LN (Fig. 3G and fig. S5, A to C). We 
found that tumor cell numbers in medial iliac 
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Py 
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Average SMA distance [um] 
3 8 


LVs HEVs 


Fig. 1. Intralymphatically infused 4T1 mammary carcinoma cells 
invade the LNs. (A) Immunofluorescence of 4T1 ELMs 0, 1, 2, and 3 days 
after intralymphatic infusion. Red, cytokeratin 8 (CK8); blue, CD31; gray, 
smooth muscle actin (SMA). Scale bars, 200 um. n = 5 ELMs. d, day. 

(B) Zoom-in of images from (A) for 1 day (top) and 3 days (bottom) after 
intralymphatic infusion showing the SMA* fibroblastic reticular cell 
network (arrow) and B cell follicles (asterisk). Scale bars, 100 um. 

(C) Distances (means + SEM) of tumor cells and in silico—simulated 
equally distributed isosurfaces (ISSRD) from the SMA* fibroblastic 
reticular cell network in sections of 4T1 ELMs 3 days after infusion. 

n= 5 ELMs (paired, two-tailed t test). (D) Distances (means + SEM) 


CK8 CK8 C 


Fig. 2. 4T1 Tumor cells associate with and intravasate LN blood vessels. 
(A) Immunofluorescence 2 days after intralymphatic infusion with 4T1 tumor 
cells. Arrowheads indicate CD31* blood vessels. The inset is a zoom-in 
showing tumor cell—blood vessel interaction. Scale bars, 50 um.n = 5 ELMs. 
(B) Image of 4T1 ELMs 3 days after infusion. Scale bar, 300 um. n = 5 ELMs. 
(C) Zoom-in and serial section of a representative boxed area of (B). 

(Top) Tumor cell (arrowhead) in blood vessel Iumen. (Bottom) Tumor cell 
(arrowhead) in HEV lumen. Scale bars, 50 um. (D) Representative 
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LNs did not predict lung metastatic burden 
(fig. S5C). At 3 days after infusion, when meta- 
static tumor cells were detected in the lungs of 
80% of all infused mice, medial iliac LNs were 
invariably free of tumor cells. All medial iliac 


LNs became colonized only after 28 days (fig. 
S5D). ELMs with the mCherry-expressing mouse 
colon carcinoma cell line CT26 revealed similar 
results (fig. S5, E to H): 12 days after infusion, 
CT26 cells had disseminated into the lungs in 83% 


Average tumor cell 


0 40 80 
Distance SCS [um] 


120 160 200 240 280 


between tumor cells of 4T1 tumors 3 days after orthotopic transplantation 
of tumor spheroids or intralymphatic infusion of tumor cell suspensions. 
n = 5 experimental tumor samples (unpaired, two-tailed t test). Significance: 
*P < 0.05; **P < 0.01. (E) Representative segmentations of 200-um 
sections in light sheet fluorescence microscopy images showing LNs at 1 
and 3 days after infusion with mCherry* 4T1 tumor cells. Red, mCherry* 
tumor cells; yellow, autofluorescent capsule; green, peripheral node adressin 
(PNAd)-positive HEVs; cyan, Prox1* LN sinuses. Scale bars, 200 um. n = 

5 sections. (F) Average 4T1 tumor cell numbers at the indicated distances 
from the subcapsular sinus (SCS) O, 1, 2, and 3 days after intralymphatic 
infusion. Dotted line, sinus border or floor. n = 5 ELMs. 
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segmentations of 200-um sections in light sheet fluorescence microscopy 
images showing 4T1 ELMs O, 1, 2, and 3 days after infusion. Red, 
mCherry* tumor cells; blue, autofluorescent capsule; green, PNAd* HEVs. 
Tumor cell-HEV interactions are marked in white. Scale bars, 100 um. 
n=5ELMs. (E) Tumor cell associations with HEVs [means + SEM, 
normalized relative (norm. rel.) to tumor cell density] O, 1, 2, and 3 days 
after infusion. Significance: *P < 0.05; ***P < 0.001; ns, P > 0.05 

(n = 6 ELMs; Kruskal-Wallis test). 


2 of 4 


8102 ‘zz Youre UO /B10' Bewecuelos‘eoueIds//:djjy WO pepeojuMOq 


RESEARCH | REPORT 


Fig. 3. ELMs seed lung metastases 
independently of the thoracic duct. 
A and B) Bioluminescence after 
intralymphatic infusion with mCherry* 
uciferase* 4T1 tumor cells. (A) Pop- 
iteal fossa (arrowhead) and lung (arrow) 
3 and 35 days after infusion. n = 12 
mice. (B) Lung metastases (arrow- 
heads) 11 and 21 days after infusion. 
Scale bars, 4 mm. n = 5 mice. 

C) Experimental design. At 

O days, mCherry* luciferase* 4T1 D 
tumor cells were infused (red). At 2 and 
3 days, in vivo bioluminescence con- 
firmed tumor growth, and ELMs were 
resected thereafter. At 11 days, lungs 
analyzed by in vivo bioluminescence 
were harvested for ex vivo analysis. 
(D) Quantitation of metastasis-positive 
(Meta*) and metastasis-negative 


> 


Luciferase activity 


# of mice 


(Meta) lungs of mice with ELMs 2 
represented in (C). n = 12 mice (*P < 0 
0.05; two-sided, chi-square test). se 


(E) FC analysis of circulating mCherry* 
AT1 tumor cells pooled from five mice 
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3 days after infusion. x axis, mCherry fluorescence intensity; y axis, forward scatter (FSC). n = 3 pooled samples. (F) Average absolute circulating tumor cell 
numbers + SEM in FC analyses 3 days after infusion with mCherry* 4T1 tumor cells. Blood was pooled from five mice per experiment, and values were 
normalized to those for control mice. n = 3 pooled samples. (G) Kinetics of average absolute mCherry* 4T1 tumor cell numbers + SEM in FC analyses of medial 
iliac LNs and lungs over the 35-day time course after infusion. Tumor cell numbers were normalized to those for control mice. n = 5 mice. 


of the mice, whereas only 17% of mice showed 
evidence of tumor cells in medial iliac LNs. 
Together, these results indicate that early periph- 
eral dissemination of ELMs is unlikely to occur via 
efferent lymphatics. To experimentally prevent 
passage via the efferent lymphatics, we surgically 
ligated the efferent lymphatic vessel before intra- 
lymphatic infusion with mCherry* luciferase* 4T1 
tumor cells (fig. S6D). Complete blockade of the 
efferent lymphatic vessel was confirmed by the 
inability of an intralymphatically injected dye to 
reach the downstream medial iliac LN (fig. S6A), 
as well as the inability of intralymphatically in- 
jected T cells to recirculate into the spleen (fig. 
S6, B and C). We found that lymphatic ligation 
did not compromise the ability of 4T1 tumor cells 
to seed lung metastasis within 3 days after infu- 
sion (fig. S6, E and F). On the basis of these re- 
sults, we conclude that in our experimental mouse 
model, LN blood vessels are a gateway for the early 
transit of nodal tumor cells into the systemic 
circulation. 

Our experimental setup establishes the contri- 
bution of an ELM to peripheral metastasis in the 
absence of a primary tumor. However, there is 
substantial evidence that the metastatic pro- 
cess is preceded by adaptations both within the 
tumor and within the host microenvironment 
(8, 9, 20, 22, 26), which are both bypassed in the 
ELM model. To model the premetastatic condi- 
tions in the host, we implanted mice with a pe- 
ripheral tumor by inoculating unlabeled 4T1 
tumor cells into the lateral tarsal zone above 
the ankle (fig. S7A). After 8 days of priming, ELMs 
were induced by intralymphatic infusion with 
mCherry* luciferase* 4T1 tumor cells (fig. $7, B 
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and C). These experiments revealed that ELMs 
in LNs that were previously primed by a periph- 
eral tumor seeded lung metastasis at a frequency 
similar to that for ELMs in naive LNs (fig. $7, D 
and E). Under primed conditions, metastatic dis- 
semination was equally independent of the tho- 
racic duct passage as under unprimed conditions 
(fig. S7, D and E). To mimic possible adaptations 
of the tumor cells (27, 28), we allowed orthotopi- 
cally induced mCherry* luciferase* 4T1 tumors 
to colonize draining LNs. We recovered tumor 
cells from these LNs, briefly recultured them, and 
reinfused them into popliteal LNs of new host 
animals (fig. S7F). Under these conditions, 83.3% 
of infused animals developed lung metastases, 
and this was again independent of the thoracic 
duct passage (fig. S7, G and H). Collectively, these 
results demonstrate that the direct metastatic 
dissemination via the LN blood vasculature is 
not artificially induced by intralymphatic in- 
jection of naive tumor cells into unprimed LN 
environments. 

We have established a mouse model of senti- 
nel LN metastasis that allows the analysis of 
early metastatic pathways via the LN. We dis- 
covered that early tumor cell attachment to and 
invasion into the LN blood vasculature coincided 
with the appearance of circulating tumor cells 
and the successful metastatic colonization of the 
lung. Our experimental model revealed that LN 
blood vessels are effective gateways from lym- 
phatics into the systemic circulation and that 
this pathway may be more efficient than direct 
metastatic dissemination from the primary tumor 
(fig. S8). Our data are similar to results obtained 
independently by Pereira et al. using different 
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methodologies with mouse models (29). Though 
our investigations in a reductionist mouse model 
support the view that LNs are active hubs for 
systemic tumor cell spreading, future clinical and 
experimental studies are required to determine 
whether these findings are relevant to human 
cancer. 
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The biosynthesis of methanobactin 
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Metal homeostasis poses a major challenge to microbes, which must acquire 

scarce elements for core metabolic processes. Methanobactin, an extensively modified 
copper-chelating peptide, was one of the earliest natural products shown to enable 
microbial acquisition of a metal other than iron. We describe the core biosynthetic 
machinery responsible for the characteristic posttranslational modifications that grant 
methanobactin its specificity and affinity for copper. A heterodimer comprising MbnB, a 
DUF692 family iron enzyme, and MbnC, a protein from a previously unknown family, performs 
a dioxygen-dependent four-electron oxidation of the precursor peptide (MbnA) to install an 
oxazolone and an adjacent thioamide, the characteristic methanobactin bidentate copper 
ligands. MbnB and MbnC homologs are encoded together and separately in many bacterial 
genomes, suggesting functions beyond their roles in methanobactin biosynthesis. 


etals are necessary for many biological 

processes, and strategies to facilitate their 

acquisition have evolved across the do- 

mains of life. Metal scarcity presents a 

particular challenge, whether due to low 
environmental levels of soluble metals or metal- 
limiting conditions imposed by other organisms 
(1, 2). Iron acquisition, particularly by pathogenic 
bacteria in environments where iron is seques- 
tered by the host, is the canonical example of high- 
affinity metal uptake in low-metal environments 
(3). Instead of relying on passive import of scarce 
Fe(II), bacteria secrete natural products known 
as siderophores to bind Fe(III) sequestered in 
insoluble iron oxides or in host proteins; the 
Fe(III)-siderophore complex is then imported, 
and the iron is made available to the organism. 
In addition, some of these compounds play ad- 
ditional roles in metal regulation and protection 
from toxicity of metals other than iron (4). There 
is increasing evidence for the existence of similar 
processes for other metals. Staphylopine, recently 
discovered in Staphylococcus aureus, is involved 
in the import of a range of divalent metals (5), 
and nickelophores [ranging from simple amino 
acids (6) to more complex organic molecules (7)] 
are thought to be present in both S. aureus and 
Helicobacter pylori. Yersiniabactin has been shown 
to bind copper as well as iron (8). Similarly, de- 
spite iron-responsive regulation, delftibactin binds 
gold (9), and further reexamination of other sid- 
erophores suggests that many have roles as non- 
iron metallophores (0). Some of the first identified 
non-iron metallophores belong to the family of 
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copper-binding compounds known as methano- 
bactins (Mbns) (11). 

Mbns were initially discovered in obligate 
methanotrophs (12), which oxidize their sole car- 
bon source, methane, using the copper-dependent 
particulate methane monooxygenase or, when 
starved for copper, the iron-dependent soluble 
methane monooxygenase. Under copper-limiting 
conditions, methanotrophs also produce and se- 
crete Mbns, peptidic compounds that chelate Cu(1) 
directly or Cu(II) via a reductive process with 
an unknown mechanism, resulting in Cu()Mbn. 
The high affinity and specificity of Mbns for Cu(I) 
is conferred by a pair of bidentate ligands, each 
comprising a nitrogen heterocycle (most commonly 
an oxazolone ring) and an adjacent thioamide 
or enethiol, which chelate the metal in a distorted 
tetrahedral geometry (Fig. 1A and fig. S1) (11). 

Operons encoding the biosynthetic machinery 
for Mbns, first identified and shown to be copper- 
regulated in the methanotroph Methylosinus (Ms.) 
trichosporium OB3b (13, 14), are present in a range 
of methanotrophic and nonmethanotrophic bacte- 
ria (Fig. 1, A and B) (11, 15). The gene encoding the 
precursor peptide (MbnA) was recognized because 
the predicted C-terminal amino acid sequence cor- 
responds to the peptidic Mbn backbone (13). Dis- 
ruption of this gene abolishes Mbn production 
(16), providing evidence that Mbns are ribosomally 
produced, posttranslationally modified natural 
products (RiPPs), a class that also includes micro- 
cins, lasso peptides, lanthipeptides, thiopeptides, 
and pyrroloquinoline quinone (15, 17). Like the 
precursor peptides in most other RiPP families, 
MbnAs consist of an N-terminal leader peptide, 
which is cleaved in the final natural product, and a 
C-terminal core peptide, to which posttranslational 
modifications are directed (Fig. 1C). 

The locations of oxazolone rings and their neigh- 
boring thioamide groups in the peptidic backbones 
of mature Mbns indicate that these groups are 
installed at cysteine residues (15). Bioinformatic 
analysis of all MbnA sequences reveals that the 
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modified cysteines are part of conserved motifs, 
wherein the cysteine is followed by a small, typi- 
cally hydrophobic residue (usually glycine or ala- 
nine, but occasionally serine) and then by a larger, 
more frequently hydrophilic residue (primarily ser- 
ine and threonine) (Fig. 1C). In Ms. trichosporium 
OB3b MbnA, there are two modification sites, 
at Cys”! and Cys?’ (residue numbering from the 
full-length peptide). Notably, Mbn operons lack 
genes associated with oxazolone or thioamide 
biosynthesis, indicating that the pathway(s) for 
their generation in Mbns must be biochemically 
distinct from nonenzymatic oxazolone biosynthesis 
in jadomycins (78) and the unrelated microbial 
enzymatic thioamide formation pathways for 
closthioamide, thioviridamide, and methyl co- 
enzyme M reductase (19-21). 

Mbn operons, which vary in the composition 
and arrangement of their genes, have been di- 
vided into five major groups on the basis of their 
content as well as sequence-based phylogenetic 
analyses of three core components present in all 
operons (Fig. 1B and fig. S2). Also present are genes 
encoding proteins with predicted or, in some cases, 
experimentally established roles in regulation, trans- 
port, and secondary posttranslational modifica- 
tions (Fig. 1B and fig. S2) (15). Of particular interest 
are two genes encoding uncharacterized proteins 
designated MbnB and Mbnc. These proteins are 
encoded within every Mbn operon identified to 
date, along with the precursor peptide MbnA, and 
we previously proposed (15) that they are respon- 
sible for the posttranslational modifications of 
MbnA that form the copper-binding ligands of 
Mbns. For the structurally characterized Mbns (and 
most predicted Mbns), there are two heterocycle- 
thioamide moieties in the final compound (fig. S1) 
(13, 22-24). The second heterocycle is uniformly 
an oxazolone; the identity of the first varies, but 
it is predicted that all originate from oxazolone 
precursors (15). Formation of each oxazolone- 
thioamide moiety requires a net four-electron 
oxidation. The responsible enzymes would thus 
be expected to contain a redox cofactor. 

MbnBs are members of the uncharacterized 
DUF692 subfamily (Fig. 2A). Although these pro- 
teins are distantly related to characterized mem- 
bers of the TIM barrel family 15, including divalent 
metal-dependent enzymes such as xylose isom- 
erase and endonuclease IV (25), no DUF692 fam- 
ily member has been functionally characterized, 
despite their presence in a wide range of Gram- 
positive and Gram-negative bacteria. An un- 
published crystal structure (PDB: 3BWW) of one 
family member from Haemophilus (Hs.) somnus 
129Pt revealed a diiron cluster at the center of the 
TIM barrel fold, with ligands corresponding to 
two of the three metal-binding sites observed in 
endonuclease IV enzymes. Two of the three ligands 
required for the third endonuclease IV metal 
binding site are present in the sequence of the 
Hs. somnus 129Pt protein but were disordered 
in the structure. The metal-binding residues 
observed in the Hs. somnus 129Pt structure are 
strictly conserved throughout the DUF692 family, 
including MbnBs, and a plausible structure for 
Ms. trichosporium OB3b MbnB was generated 
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Fig. 1. Mbn structure, operon organization, 
phylogeny, and precursor peptide 
sequence. (A) Structure of CuMbn from 
Ms. trichosporium OB3b (top); sequence 

of the MbnA precursor peptide (middle) 
and Mbn operon (bottom) from that 
species. The operon includes genes related 
to import (the periplasmic binding protein 
MbnE and the TonB-dependent transporter 
MbnT), export (the MATE multidrug exporter 
MbnM), regulation (the sigma/anti-sigma 
factor pair MbniR), biosynthesis (the 
precursor peptide MbnA, the hypothetical 
proteins MbnB and MbnC, and the 
aminotransferase MbnN), and two genes 

of unknown function (MbnP and Mbnk). 
Color coding of the genes in the 

operon indicates previously proposed 

roles: MbnB (orange) and MbnC 

(green) are responsible for modifying 

the two orange cysteines in the peptide 

to form oxazolone-thioamide pairs 

in the final natural product, whereas 

MbnN (dark red) is responsible for a 
transamination reaction at the leucine 
(dark red) in the peptide and the 

final natural product. The final methionine, 
depicted in gray, is sometimes missing 
from the compound. (B) Phylogenetic 

tree for Mbn operons. All Mbn operons 
contain mbnA, mbnB, and mbnC genes, and 
phylogenetic analyses of all three genes support 
the subgroups illustrated here. (©) MbnA 


sequence logo, illustrating the leader and core peptide sequences and the conserved cysteine modification motifs. Amino acid abbreviations: A, Ala; C, Cys; 
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Fig. 2. Bioinformatic and biochemical 
analyses of the MbnBC heterodimer. 
(A) Sequence similarity network for the 
DUF692 family. MbnBs are depicted in 
red, MbnXs (found only in the fifth Mbn 
subgroup) are in teal, and the structurally 
characterized Hs. somnus 129Pt protein 
sequence (PDB: 3BWW) is in yellow. 
Arrows indicate the location of the relevant 
nodes. (B) The predicted structure of 
Ms. trichosporium OB3b MbnB (red), as 
modeled against 3BWW using iTasser 
(RMSD, 4.2 + 2.8 A). Residues in blue are 
strictly conserved in MbnBs. (C) Diiron 
site as observed in the 3BWW structure 
(yellow). All amino acids coordinating the 
two irons (orange) are strictly conserved 

in MbnBs. Two water molecules (red) are 
also present in the coordination sphere 

in the crystal structure, along with a 
cacodylate molecule (gray) from the 
crystallization buffer. (D) Sequence 
similarity network for the broader MbnC 
family. Red circles, MbnCs; blue circles, 
related non-MbnC genes found exclusively 
in Pseudomonas species. (E) SEC-MALS 


analysis of MbnA (yellow; 3 kDa predicted, 3 kDa observed), MbnBC (red; 58 kDa predicted, 55 kDa observed), and MbnABC (blue; 61 kDa predicted, 58 kDa 
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observed) indicates that MbnB and MbnC form a heterodimeric complex that can bind MbnA. 
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by modeling its sequence onto the experimentally 
determined structure of the Hs. somnus 129Pt pro- 
tein, even though MbnBs constitute a distinct 
subfamily within the DUF692 family (Fig. 2, B 
and C). Less is known about Mbn¢. Four years 
after the initial bioinformatics study, this pre- 
dicted protein still has no identifiable domains, 
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and members of this family are found only in Mbn 
operons or separate from mbnB in Pseudomonas 
species (Fig. 2D). Neither MbnB nor MbnC 
contains a RiPP precursor protein recognition 
element, which is present in leader peptide- 
dependent modifying enzymes from many RiPP 
families (26). 
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Fig. 3. Modification of Ms. trichosporium OB3b MbnA by MbnBC. (A) Reaction of 100 uM anaerobic 
MbnBC with 125 uM MbnA and 900 uM Oz over a period of 250 s; two prominent features are observed 
at 335 and 650 nm. Inset shows a difference spectrum between the final (250 s) and initial (O s) time 
points. (B) UV-vis absorption spectra of the feature at 335 nm with different concentrations of MbnA. Inset 
shows the absorbance at 335 nm at different concentrations of MbnA. (C) UV-vis absorption spectra of 
the feature at 650 nm at different concentrations of MbnA; inset shows absorbance at 650 nm adjusted 
via a dropline correction using values at 640 and 660 nm. (D) Reaction of 100 uM anaerobically prepared 
MbnBC containing 140 uM Fe with 900 uM Oz over a period of 250 s reveals the formation of a broad 
spectral feature between 300 and 400 nm. Inset shows a difference spectrum between the final (250 s) 
and initial (0 s) time points. (E) LC-UV-MS-MS shows that the retention time (left chromatogram) of 
the modified peptide (blue) changes relative to the unmodified peptide (red), that the absorption spectrum 
of the modified peptide maintains the 335-nm feature (right spectrum), and that the presence of the 
335-nm feature is associated with a mass shift of -4 Da that can be assigned to the first of the two 
modifiable cysteines (yellow highlight, bottom). Angled blue “flags” in the peptide sequence maps indicate 
the location of fragment ions observed during tandem MS. 
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Separate heterologous overexpression of either 
MbnB or MbnC from several species failed to yield 
soluble protein. However, simultaneous coexpres- 
sion of MbnB and MbnC from a single vector (27) 
yielded soluble, stable heterodimeric complexes 
(MbnBC; 58.2 kDa for the Ms. trichosporium OB3b 
proteins with intact affinity tags) that could be 
purified via affinity and size exclusion chroma- 
tographies (Fig. 2E and fig. S3). Consistent with 
the proposed role of MbnBC in Mbn biosynthesis, 
addition of MbnA resulted in the formation of a 
heterotrimeric MbnA-MbnBC complex, detectable 
by size exclusion chromatography with multiangle 
light scattering (SEC-MALS) (Fig. 2E) as well as 
denaturing and native polyacrylamide gel elec- 
trophoresis (fig. S3). Moreover, purified MbnBC 
complexes from six different species (table S1 
and fig. $4) contained iron, potentially sat- 
isfying the expected requirement for a redox 
cofactor. 

Supplementation with 200 to 500 uM ferrous 
ammonium sulfate during expression increased 
the iron loading, and in our model construct of 
MbnBC from Ms. trichosporium OB3b, purified 
protein samples contained 1.3 + 0.2 iron atoms per 
heterodimer (table $1). °’Fe-Méssbauer spectra of 
MbnBC are complex, but for aerobically purified 
protein from three species, a mixture of exchange- 
coupled di- and trinuclear clusters was observed 
in addition to smaller amount(s) of unidentified 
species (fig. S5 and supplementary materials). 
Native top-down mass spectrometry (nTDMS) of 
MbnBC from six species showed that, as antici- 
pated, all the iron was associated with the MbnB 
subunit (figs. S6 and S7). A notable subset of the 
population appeared to have as many as three 
iron ions per MbnB subunit, indicating that a 
fraction of the MbnB protein remained in the 
metal-free (apo) state, which was also observed 
by native mass spectrometry (figs. S6 and S7). 
The heterogeneity implied by the noninteger iron 
stoichiometry and observed by both Méssbauer 
spectroscopy and nTDMS implied that only a frac- 
tion of the purified MbnBC complexes were in 
the active state. Reduced Fe(ID is commonly re- 
quired to initiate the oxidation of aliphatic carbon 
centers (28, 29), and less than 5% of the total iron 
in aerobically purified MbnBC was in this form. 
Purification of MbnBC under O,-free conditions 
resulted in a variable increase in Fe(II) levels at 
the expense of diminished iron loading. 

Both aerobically and anaerobically produced 
MbnBC react with MbnA in the presence of Oz, 
without the addition of external reductant, to yield 
a product characterized by a sharp absorption 
feature at 335 nm and a broad feature at 650 nm 
(Fig. 3A and fig. S8). Despite its decreased iron 
content, the anaerobically produced MbnBC was 
more active, consistent with the involvement of 
an Fe(II) species in the active form of the cofactor. 
In the presence of excess Oz, the 335-nm feature 
increased in intensity with increasing quantities 
of substrate (Fig. 3B and fig. S8), whereas the 
intensity of the 650-nm feature was limited by 
MbnBC concentration (Fig. 3C and fig. S8). This 
latter feature likely reflects a charge-transfer tran- 
sition associated with the complex of MbnA with 
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A Ms. trichosporium OB3b MbnA TVKIAQKKVLPVIGRAAA-LEGSCYPESCM Y Leaneeaed wire aoe es ond 
Ms. trichosporium OB3b MbnA, ,, sates KVLPVIGRAAA- SCYPESCM from the reaction, a broader, weaker feature with 
Ms. trichosporium OB3b MbnA,, 4, Satinemernie te aa RAAA- SCYPESCM N a wavelength of maximum absorption (Amax) of 
Ms. trichosporium OB3b MbnA core eee eee LEGSCYPESCM N 340 nm developed more slowly (Fig. 3D and fig. 
Ms. trichosporium OB3b MbnA leader TVKIAQKKVLPVIGRAAA- - oe soos A S9). This feature resembles those arising from 
Ms. trichosporium OB3b MbnA leader, core T\VKIAOKKVLPVIGRAAA, LEGSCYPESCM NV oxo-to-ferric charge-transfer transitions in non- 
Ms. trichosporium OB3b MbnA,,,. TVKIAQKKVLPVIGRAAA-LSGSCYPESCM N heme dinuclear Fe enzymes (30) and likely derives 
Ms. trichosporium OB3b MbnA,,., TVKIAQKKVLPVIGRAAA-LEGSCYPSSCM Y from a species generated by unproductive oxida- 
Ms. trichosporium OB3b MbnA,,,, »75 TVKIAQKKVLPVIGRAAA-LSGSCYPSSCM N tion of the Fe(II) in the MbnBC cofactor in the ab- 
I IIIIIIVV sence of substrate. Similarly, incubation of MbnA 
B Ms. tichosporium OBSb MbnA (I) MTVKTAQKKVLPVIGRAAALEGSCYPHSCM--- Y Y Y YN WERDER Ine abyeiCe nr agi novela 
*Mc. hirsuta CSC1 MbnA (Ila) MTIRIAKRITLNVVGRAGAMGAST--CAATNG- NN N NN the intense 335-nm feature, consistent with a role 
Ps. sp. ST29 (Ill) MSIKIAKKHTLHIAGRAGACCASC--CAPVGVN Y Y Y Y N for O2 in production of the chromophore. Minor 
Gl. sp. SXCC-1 (IV) MAITITILKTKQISVPVRAGLQG@GSGV-EGYNA-- Y Y Y YN spectral changes observed under these conditions 
Vi. caribbenthicus BAA-2122 (V) MK -N--DKKVVVKVKDKEMTCGAENK- ------ NNNNY likely reflect low levels of residual O, in the de- 
*Peptide solubility issues oxygenated reaction buffers. 

Analysis of MbnA before and after exposure to 
Cc 6 H210 MbnBC and O, by coupled liquid chromatography, 
(o “~NH ultraviolet-visible (UV-vis) absorption spectroscopy, 
a O N= 1.44 and tandem mass spectrometry (LC-UV-MS-MS) 
Hon 124 2 ie showed that the 335-nm feature is associated with 
D163 Me © ofa aa S101 ale MbnA and correlates with a mass shift of -4.031 Da 
: a P 9.0.50 500 700 localized to Cys”, which is the position of the 
cuss a \ yee ~\ J. H54 o* nm N-terminal oxazolone ring (Oxa,) in the final natu- 
\ N= Fess s-5a2- 2 £064 WT (1.4 Fe) ral product (Fig. 3E and fig. $10). This mass shift 
Ww ee 4 \ Nh Fs 0.44 matches that predicted for the installation of a 
0.24 single oxazolone-thioamide group. In support of 
cae E133 ¢ ae oo this assignment, addition of 100 to 500 mM HCl 
N "300 400 500 600 700 resulted in the decay of the 335-nm feature in 
wavelength (nm) modified MbnA, as expected if the modification 
1.4 08 1.45 ~ 08 1.45 308 is indeed an oxazolone-thioamide group (fig. S11) 
1.2 So 5124 $04 =! 27 $0.4 (13, 24). Although species with mass shifts of -2 
2 1.0 0% L104 ae 21 0 a and -6 Da could also be detected in many reactions, 
8 0a 300 500 709 2 0.84 300 500 700 Bo. | “300 500 700 cen ra eae Saran aon 
gs 2 g corresponded to intramolecular e formation 
8 ae Pee! 8 ual paar) 5 06) aii, between unmodified cysteines and modification 
0.4 0.44 “0.44 together with intramolecular disulfide bond for- 
0.2 0.24 0.24 mation, respectively. Consistent with modification 
0.04 - 0.0 ; = 0.0 : of Cys”, a Cys” — Ser substitution eradicated pep- 
300 400 500 600 700 300 400 500 600 700 300 400 500 600 700 tide modification as observed via UV-vis spectros- 

wavelength (nm) wavelength (nm) wavelength (nm) copy and mass spectrometry, whereas a Cys?” 
14 1a 1a Ser substitution had no effect (Fig. 4A and figs. S12 
2 0.8 > 08 > 08 and S13). MbnBC additionally did not modify the 
12 0.4 ad S04 al Soa core peptide alone, nor did it react with the leader 
= 10 0.0 51.04 0.0 51° 0.0 and core peptides added in trans, and even the 
< 0.8 300 a 700 <o8 4 300 pi 700 <o8 300 ~ “ truncation of the leader peptide resulted in di- 
D163S (0.6 Fe) H192A (0.9 Fe) Boe | E239A (0.5 Fe) minished activity (Fig. 4A and figs. S12 and S13). 
2.44 Despite this marked sensitivity to the presence 
3 024 of valid leader peptides and modification sites, 
, MbnBCs are otherwise promiscuous. MbnBCs 
"300 400 500 600 700 ? a0) Geni. ek: 00 0 : a 400 500 600 700 On Mbn groups I to IV were all capable of ie 
wavelength (nm) wavelength (nm) wavelength (nm) fying heterologous MbnA groups I to IV, despite 
the substantial differences in leader and core pep- 
Fig. 4. Correlation of MbnBC activity with proposed diiron active site ligands and MbnA tide sequences. MbnA from group V has the most 
sequence. (A) Summary of activity observed via UV-vis absorption spectroscopy and LC-MS for divergent sequence (11), and the MbnBC from 


125 uM Ms. trichosporium OB3b MbnA variants with 100 uM Ms. trichosporium OB3b MbnBC and this group could interact only with the group V 
excess Oo. Yes (Y) indicates that modification is observed; No (N) indicates no modification. Modified MbnA (Fig. 4B and fig. $14). All observed MbnA 
cysteines localized via tandem MS are highlighted in yellow. (B) Summary of activity observed via modifications were associated with the same mass 
UV-vis absorption spectroscopy and LC-MS for 125 uM MbnA substrate peptides and 100 uM MbnBC shift of -4 Da observed in the Ms. trichosporium 
enzyme complexes from the different Mbn operon families in the presence of excess (~900 uM) Oo. MbnABC system (fig. S15), indicating that a de- 


(C) Stopped-flow UV-vis absorption spectra over a period of 250 s for reactions between 125 uM tailed analysis of this system can be generalized 
MbnA, excess (~900 uM) Oz, and 100 uM wild-type Ms. trichosporium OB3b MbnBC or one of six enzyme | to the larger MbnBC family. 

variants with alanine mutations in predicted active-site residues (the diiron site from the Hs. somnus Although the mass shift and acid hydrolysis 
129Pt structure, labeled with Ms. trichosporium OB3b residue numbers, is provided for reference). Spectra data are consistent with a single oxazolone- 
are colored in rainbow order according to time, with the earliest spectra in red and the latest spectra in thioamide moiety in modified Mbn4A, the 335-nm 
blue. lron content per heterodimer is included in each label. Insets depict difference spectra for the enzyme absorption feature differs from the 392-nm feature 
in the presence of oxygen (red) or oxygen and the MbnA substrate peptide (blue). of Oxa, in mature Mbns. This discrepancy is 
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attributable to structural differences between the 
modified MbnA product and mature Mbn. In ma- 
ture Mbn, the leader peptide is cleaved and the 
N-terminal primary amine is converted to a car- 
bonyl group by the pyridoxal-5’-phosphate (PLP)- 
dependent aminotransferase MbnN (/5). This 
modification extends the conjugation of the 
oxazolone ring, accounting for the bathochromic 
shift in the spectral feature; Oxag moieties in all 
Mbns lack such extended conjugation, and their 
absorption features fall within the 325- to 345-nm 
range (13, 23, 24, 31). Consistent with this expla- 
nation, disruption of mbnN in Ms. trichosporium 
OB3b resulted in accumulation of a previously un- 
known copper-binding compound that exhibited 
a single major spectral feature with Amax of 332 nm 
and a mass shift of +1 Da with respect to 
CuMbn, reflecting the presence of the N-terminal 
primary amine in place of the carbonyl group 
(fig. S16). 

The formation of this oxazolone-thioamide 
moiety is dependent on the presence of the iron 
cofactor. Mutagenesis of the proposed iron ligands 
in Ms. trichosporium OB3b MbnB (fig. S17) di- 
minished or eradicated both iron incorporation 
and modification of MbnA (Fig. 4C). Native mass 
spectrometry confirmed that diminished iron load- 
ing of MbnBC measured by inductively coupled 
plasma optical emission spectrometry (ICP-OES) 
correlated with reduced metal binding by MbnB 
(fig. S18 and table S1). Activity could also be elim- 
inated in the wild-type enzyme by removal of the 
iron or complete oxidation with excess HO, before 
reaction with MbnA and O, (fig. S19). The clear 
requirements for reduced iron and Oz (and no 
other reductants or cofactors) suggest that MbnBC 
is an oxidase that activates O, for cleavage of the 
three aliphatic C-H bonds on C, and Cg of the first 
modifiable cysteine of MbnA to promote the 
cyclization/migration reaction necessary to com- 
plete the biosynthesis of the oxazolone-thioamide 
group. 

The observed conversion of Cys" to an oxazolone- 
thioamide appears to be an O,-dependent four- 
electron oxidation involving multiple aliphatic 
carbons; such reactions are mediated by several 
mononuclear (32, 33) and dinuclear (34, 35) iron 
enzymes. A hallmark of all these enzymes is the 
ability to extract all necessary electrons from the 
substrate, allowing them to mediate multiple turn- 
overs in the absence of a cosubstrate. By contrast, 
related iron enzymes that promote two-electron 
oxidations uniformly require reducing cosubstrates 
(29, 36). Because MbnBC performed multiple turn- 
overs in reactions lacking an obvious reductant 
(figs. S8, S9, and $20), it may mediate a single four- 
electron oxidation rather than two sequential two- 
electron oxidations. As the MbnA or O, concentration 
increased, the transition from the single-turnover 
regime (characterized by a single-exponential ki- 
netic phase in development of the 335-nm feature) 
to the multiple-turnover regime (characterized by 
multiphasic kinetics) was observed at an MbnA 
concentration markedly lower than the total iron 
present in the anaerobically prepared proteins (figs. 
S8 and S9); this finding is potentially consistent 
with an active cofactor that contains more than 
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one iron ion. The presence of a multinuclear iron 
(Fe, or Fes) cluster is consistent with the nTDMS 
analysis and the observation by Méssbauer spec- 
troscopy of multinuclear iron species in aerobi- 
cally purified MbnBC. Moreover, examination of 
the metal centers in xylose isomerase, endonuclease 
IV, and the Hs. somnus 129Pt DUF692 protein— 
the closest structurally characterized relatives 
of MbnB—suggests that a dinuclear or perhaps 
even trinuclear cluster is distinctly possible (fig. 
$21). By analogy to other nonheme iron enzymes 
that mediate four-electron oxidations, MbnA pro- 
cessing could be initiated by abstraction of a hy- 
drogen atom from the Cg of the first modifiable 
cysteine by a superoxo(di/tri)iron(III) intermedi- 
ate (fig. S22). 

How MbnBC proceeds to the second modifi- 
cation site remains unclear, as does the mecha- 
nism of leader peptide loss (fig. S23). The enzyme 
complex may require leader peptide cleavage to 
install the C-terminal oxazolone-thioamide group, 
although neither modification site in the core pep- 
tide can be modified without the leader (Fig. 4A 
and figs. S12 and S13). The only genes found in all 
Mbn operons are mbnA, mbnB, and mbnC. Mbn 
operons encode no proteases, and MbnA leader 
peptides lack known protease recognition motifs 
at the cleavage location. It may be that a protease 
not encoded in the operon is required. Alterna- 
tively, the missing protease could be MbnC, for 
which neither a role nor a cofactor requirement 
has been established. However, addition of a wide 
range of potential cofactors as well as lysate from 
Mbn-producing Ms. trichosporium OB3b cells to 
MbnABC reactions in vitro failed to enable leader 
peptide cleavage (figs. S24 and $25). In addition, 
coexpression of MbnBC from Vibrio caribbenthicus 
BAA-2122 with C-terminally His,-tagged MbnA 
from the same species resulted in the same mass 
shift and UV-visible spectral features observed 
in vitro (fig. S26). This may indicate that the pro- 
tease, a cofactor, or a cosubstrate for the protease 
is absent or incorrectly assembled during heter- 
ologous expression. Additional work will be neces- 
sary to fully reconstruct the biosynthetic pathway 
in heterologous expression systems or in vitro. 

The involvement of a metalloenzyme in oxa- 
zolone and thioamide biosynthesis is unprec- 
edented, and both components of the MbnBC 
complex belong to previously uncharacterized 
protein families. Similar to RiPP systems such as 
the cyanobactins and lantibiotics (37, 38), the 
promiscuity of the Mbn biosynthetic system sug- 
gests that it might be amenable to engineering 
efforts, which could facilitate the development of 
natural and non-natural Mbns as drugs for Wilson 
disease and other disorders involving copper accu- 
mulation (39-41). Furthermore, the new under- 
standing of these enzymes sets the stage for 
elucidating the biosynthesis and function of the 
Mbn-like natural products from nonmethanotro- 
phic bacteria. 
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CELL BIOLOGY 


Locally translated mTOR 
controls axonal local translation 


in nerve injury 


Marco Terenzio,’ Sandip Koley,' Nitzan Samra,‘ Ida Rishal,’ Qian Zhao,”* 
Pabitra K. Sahoo,” Anatoly Urisman,” Letizia Marvaldi,’ Juan A. Oses-Prieto,” 
Craig Forester,* Cynthia Gomes,*} Ashley L. Kalinski,?+ Agostina Di Pizio," 

Ella Doron-Mandel,’ Rotem Ben-Tov Perry,’ Indrek Koppel,’ Jeffery L. Twiss,””” 


Alma L. Burlingame,” Mike Fainzilber’§ 


How is protein synthesis initiated locally in neurons? We found that mTOR (mechanistic 
target of rapamycin) was activated and then up-regulated in injured axons, owing to local 
translation of mTOR messenger RNA (mRNA). This mRNA was transported into axons 

by the cell size—regulating RNA-binding protein nucleolin. Furthermore, mTOR controlled 
local translation in injured axons. This included regulation of its own translation and that 

of retrograde injury signaling molecules such as importin B1 and STAT3 (signal transducer 
and activator of transcription 3). Deletion of the mTOR 3’ untranslated region (3'UTR) 

in mice reduced mTOR in axons and decreased local translation after nerve injury. Both 
pharmacological inhibition of mTOR in axons and deletion of the mTOR 3'UTR decreased 
proprioceptive neuronal survival after nerve injury. Thus, MRNA localization enables 
spatiotemporal control of mTOR pathways regulating local translation and long-range 


intracellular signaling. 


ocal translation enables spatiotemporal 

specificity in cell functions (J, 2) such as 

the neuronal response to axon injury (3, 4) 

or regrowth of injured axons (5, 6). However, 

apart from a requirement for intra-axonal 
calcium (7), the mechanisms that regulate local 
protein synthesis in axons are largely unknown. 
mTOR, the mechanistic target of rapamycin, is a 
central regulator of translation (8), neuronal re- 
generation (9-12), and protein synthesis in neu- 
rons (13-16). We examined mTOR signaling in the 
sciatic nerve (SN) versus in dorsal root ganglia 
(DRG) after axonal injury and found differential 
phosphorylation of mTOR and associated sig- 
naling components (Fig. 1, A and B, and table 
$1). This suggested a specific role for mTOR in 
the early injury response in axons. We verified 
mTOR serine 2448 (S2448) phosphorylation (17) 
in axons by immunostaining, observing signifi- 
cant elevation within axons at 3 hours after in- 
jury, with a return to baseline at 12 hours (Fig. 1, 
C and D). We also observed that phosphoryla- 
tion levels of EiF4b (S406), Akt (S473), S6 kinase 
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(S6K; threonine 389), and ribosomal protein 
S6 (S240 and S244), all well-known effectors and 
regulators of mTOR signaling, increased rapidly 
after injury (Fig. 1E). Typically, Eif4b is activated 
in response to mTORC1, whereas Akt plays a role 
in both mTORCI and mTORC2 signaling (8, 18); 
hence, both mTOR complexes are activated lo- 
cally by axonal injury. 

We used the mTOR inhibitor torin-1 (fig. S1, 
A to C) to examine functions of local mTOR ac- 
tivation in nerve injury. Injection of torin-1 at 
the injury site before a conditioning SN lesion 
(19) reduced the subsequent lesion-induced axon 
outgrowth in culture (fig. SI, D and E). Neuron 
numbers recovered from torin-1-treated animals 
were also reduced (fig. SIF), so we examined the 
effects of torin-1 injection into the SN on pro- 
prioceptive neuron survival in DRG in vivo. In- 
jecting torin-1 into the nerve concomitantly with 
injury reduced proprioceptive neuron numbers 
in the corresponding DRG (Fig. 1, F and G), sup- 
porting a role for axonal mTOR activation in 
neuronal injury response and survival. Examina- 
tion of SN mTOR expression revealed unexpected- 
ly low levels of mTOR protein in axons before 
injury. Axonal mTOR was markedly elevated in 
the vicinity of the lesion site up to 9 hours post- 
injury, which was followed by a decline back to 
baseline levels (Fig. 2A and fig. S2A). Up-regulation 
of mTOR in injured axons was further con- 
firmed by immunoelectron microscopy on SN 
sections (fig. S2B). 

The time frame of mTOR elevation in axons 
suggested that it might be synthesized locally. 
We examined this possibility by biotinylation 
of nascent synthesized proteins tagged with the 
puromycin derivative O-propargyl-puromycin 
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(OPP) (20). We performed OPP incubation in rat 
nerve segments ex vivo, followed by axoplasm 
extraction (27), biotinylation, and precipitation 
with streptavidin (SA). Immunoblots of SA pre- 
cipitates revealed robust de novo synthesis of 
mTOR, similar to that of importin 61, a well- 
established locally synthesized protein (4) (Fig. 2B). 
Immunostaining on mouse SN segments incu- 
bated ex vivo with the translation inhibitor cyclo- 
heximide indicated inhibition of axonal mTOR 
up-regulation (fig. S2, C and D), and fluorescent 
in situ hybridization (FISH) showed robust gran- 
ular signals for mTOR mRNA in axons (fig. S2E). 
Direct visualization of de novo synthesized mTOR 
by puromycin labeling combined with a proximity 
ligation assay revealed robust signals for de novo 
synthesis of mTOR in sensory axons in culture 
(fig. $3, A to C). mTOR axonal up-regulation in 
nerve segments ex vivo and in culture was torin- 
1-sensitive (Fig. 2, C and D, and fig. S3, A to C), 
indicating that it is controlled by mTOR itself. 
Last, mTOR up-regulation after injury was mir- 
rored by a decrease in axonal PTEN (fig. S3, D 
and E), a functional mTOR antagonist. 

A complex comprising the RNA-binding pro- 
tein (RBP) nucleolin and the kinesin motor KifSA 
traffics importin B1 mRNA to axons (22). We 
tested for mTOR mRNA association with this 
complex by quantitative reverse transcription 
polymerase chain reaction (PCR) on immuno- 
precipitates of nucleolin or Kif5A from SN axo- 
plasm. mTOR mRNA was robustly coprecipitated 
with both nucleolin and Kif5A (Fig. 2E and fig. S4, 
A and B). Furthermore, we observed significant 
colocalization of mTOR mRNA with nucleolin 
protein by combining FISH with immunostaining 
on sensory axons (Fig. 2, F and G). Last, restric- 
tion of nucleolin to neuronal somata by pretreat- 
ment of neuronal cultures with the DNA aptamer 
AS1411 (22) reduced mTOR mRNA in axons while 
increasing it in cell bodies (Fig. 2H and fig. S4, C 
and D), confirming that mTOR mRNA is trans- 
ported to axons by the RBP nucleolin. 

To assess the overall impact of mTOR on local 
translation in axons, we carried out puromy- 
cin labeling on SN segments preincubated with 
anisomycin, a general protein synthesis inhib- 
itor, or with torin-1. We quantified puromycin 
incorporation into axonal proteins by immuno- 
staining (Fig. 3, A and B) and capillary immuno- 
electrophoresis of axoplasm (Fig. 3, C and D). 
Torin-1 effectively inhibited axonal protein syn- 
thesis to a similar degree as anisomycin (Fig. 3, 
B and D). We then used OPP to characterize 
the ensemble of de novo synthesized proteins 
in axon injury by mass spectrometry (MS). SN 
segments were preincubated ex vivo with vehi- 
cle, anisomycin, or torin-1 and then pulsed with 
OPP before axoplasm extraction and biotinylation 
(fig. S5A). The efficiency of the reactions was as- 
sessed by immunoblotting with SA-horseradish 
peroxidase (HRP) (Fig. 3E). A cohort of ~550 pro- 
teins was identified after affinity purification and 
MS, of which 234 were affected equivalently by 
anisomycin or torin-1 pretreatments (Fig. 3F, fig. 
S5B, and table $2). Almost 80% of the torin-1- 
sensitive candidates were shared with the largest 
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known translatome data set of mTOR-regulated 
survival-promoting mRNAs (23, 24) (fig. S5C). 
The mTOR-dependent axonally synthesized pro- 
teins included many known axonal injury re- 
sponse proteins (25) (table S2), leading us to 
test the effect of torin-1 on injury-induced axonal 
up-regulation of STAT3 (signal transducer and 
activator of transcription 3; Fig. 3, G and H), 
importin £1 (fig. S5, D and E), and vimentin (fig. 
S5, F and G). Locally translated STAT3 is phos- 
phorylated in sensory axons as a retrograde sur- 
vival signal (26), so we also tested the effect of 
torin-1 on phospho-STAT3 (Fig. 3, G and H). 
Torin-1 effectively inhibited the localized axonal 
elevation of all the tested injury-signaling proteins, 
indicating that local translation for retrograde 
injury signaling is controlled by mTOR in sen- 
sory axons. 

The findings above suggest that axonal local- 
ization of mTOR mRNA enables subcellular reg- 
ulation of axonal protein synthesis. Localization 
motifs are often located in the 3’ untranslated 
regions (3'UTRs) of axonal mRNAs (27), and axo- 
nal localization was previously reported for the 
mTOR 3'UTR (15). We sequenced 3’RACE (rapid 
amplification of cDNA ends) PCR products and 
identified a single major mTOR 3’UTR sequence, 
as expected from genome annotation. The mTOR 
3'UTR effectively localized green fluorescent pro- 
tein mRNA to axons in transfected neurons (fig. S6, 
A and B). We then removed most of the 3UTR 
sequence from the mTOR locus by using CRISPR- 
Cas9 gene editing (fig. S6C and table S3), with- 
out affecting the open reading frame or other 
elements of the gene. We verified that the segment 
targeted for deletion had axon-localizing capac- 
ity (MTOR 3'UTR 54 to 789), whereas segments 
predicted to be retained in the mutant mouse 
lacked axon-localizing capacity (mTOR 3’/UTR 
1 to 69 and 774 to 825; fig. S6é, A and B). mTOR 
3'UTR-null mice were viable, and 3’RACE analy- 
ses of homozygous null DRG neurons confirmed 
the deletion (fig. S6D). 

FISH analyses of SN sections revealed a sig- 
nificant reduction in axonal mTOR mRNA levels 
in vivo in the SN of mTOR 3’UTR-null mice 
(Fig. 4, A and B, and fig. S6E), with no signif- 
icant changes in stability or half-life of mTOR 
mRNA or protein (fig. $7). Ex vivo incubation 
of mTOR 3’UTR-null SN segments showed a 
large reduction in injury-induced mTOR pro- 
tein up-regulation compared with the wild type 
(Fig. 4, C and D). Cultures of 3’UTR-null neurons 
revealed little or no change in mTOR protein 
levels in the soma, whereas mTOR protein levels 
in the growth cones and axon tips were signif- 
icantly reduced (fig. S8, A and B). These subcel- 
lular effects on mTOR protein up-regulation were 
mirrored in mTOR downstream signaling, with 
no change in phospho-S6 levels in the somata 
of 3’UTR-null neurons, in contrast to a marked 
deficit in phospho-S6 up-regulation in injured 
axons from the mutant mice (fig. S8, C and D). 

We then examined effects of the mTOR 3'UTR 
deletion on axonal protein synthesis and on 
the mTOR-dependent injury response in lesioned 
DRG neurons. Puromycinylation experiments in 
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Fig. 1. mTOR activation after nerve injury. (A) mTOR pathway phosphorylations that are significantly 
regulated by SN injury (n = 3; means + SEM; *P < 0.05, ***P < 0.001; t test). (B) As in (A), for L4/L5 DRG 
(n = 3; means + SEM; *P < 0.05; t test). (©) SN sections stained for the axonal marker NFH (green) 

and mTOR S2448 (magenta), naive versus 3 and 6 hours after injury. Scale bar, 5 um. (D) Axonal mTOR 
$2448 over time after injury, normalized to naive conditions [n = 3; means + SEM; ***P < 0.001; one-way 
analysis of variance (ANOVA) with Bonferroni's post-test]. a.u., arbitrary units. (E) Immunoblots of 
phospho-EIF4b, -Akt, -S6K, and -S6 and the corresponding total proteins in SN axoplasm over time after 
injury. Quantifications are shown on the right (n = 4; means + SEM; **P < 0.01, ****P < 0.0001; one-way 
ANOVA with Bonferroni's post-test). (F and G) SNs were injected with vehicle or torin-1 before injury, 
and L4 DRG were harvested 7 days later, serially sectioned at 20-um intervals, and stained for NFH (green) 
to allow counting of proprioceptive neurons. Quantifications of NFH-positive neuron numbers per DRG 
are shown in (F) (n = 7; means + SEM; *P < 0.05; t test); representative images are in (G) (scale bar, 50 um). 
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Fig. 2. mTOR is locally A 20 B mw Inputs IPs 
translated after SN injury. TT 


(A) mTOR regulation over 
time after injury at the SN 
lesion site (n = 5; means + 
SEM; *P < 0.05, ***P < 
0.001; one-way ANOVA with 
Bonferroni's post-test). 

(B) Immunoblots reveal 
newly synthesized mTOR 


and importin B1 (Impp1) from 0 : _ 
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firming their local translation 
after injury. IPs, immunopre- Cc NFH mTOR merge 35 
cipitates; Strep, streptavidin. 
(C) Torin-1 (4 uM) effects on 
mTOR up-regulation in 
sections from SN 4 hours 

ex vivo, stained for NFH 
(green) and mTOR 
(magenta). Scale bar, 5 um. 
(D) Quantification of axonal 
mTOR from (C) (n = 6; means + 
SEM; ***P < 0.001; one-way 
ANOVA with Bonferroni's 
post-test). (E) Quantification 
of mTOR transcript levels 
after pulldown for Kif5A or 
nucleolin in axoplasm (per- 
cent from input; n = 6; 
means + SEM; **P < 0.01; 
ratio paired t test). IgG, 
immunoglobulin G. (F) Rep- E 
resentative epifluorescent 

images for colocalization of 
endogenous mTOR or f-actin 
transcripts, visualized by in 

situ hybridization (red), and 
nucleolin protein, visualized by 
immunostaining (green). 

Axons were visualized by 
neurofilament immunostain- 

ing (blue). Scale bar, 10 um. 
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Fig. 3. mTOR regulates A vehicle 
axonal local translation 

after SN injury. (A) SN 
segments 2 hours ex vivo 

with anisomycin (200 ug/ml), 
torin-1 (4 uM), or vehicle, 
followed by 1 hour with 
puromycin (100 ug/ml), 
sectioned and stained for 

NFH (green) and puromycin 
(magenta). Scale bar, 

5 um. (B) Quantification 

of axonal puromycin in 

the experiment described Cc 
in (A) (n = 5; means + 

SEM; ***P < 0.001; one- 25 
way ANOVA with 
Bonferroni's post-test). 
C) Representative runs 
of puromycinylated 
proteins in SN axoplasm 
from the experiment 
described in (A), ana- 
lyzed by capillary 
immunoelectrophoresis. 
D) Quantification of 40 
C) (n= 4; means + SEM; 
*P'< 0.05, **P'<-0:01: 
ANOVA with Bonferroni's 
post-test). (E) SA-HRP 
immunoblots of OPP- 
biotin—labeled axoplasm 
samples before MS. 

F) Heat map of OPP- 
biotin—labeled protein 
candidates identified by 
MS. (G) SN segments 

4 hours ex vivo with 
torin-1 (4 uM) or vehicle 
(dimethyl! sulfoxide), sec- 
tioned and stained for 
NFH (green) and STAT3 
or phospho-STAT3 (both 
magenta). Scale bars, 

5 um. (H) Quantification 
of axonal STAT3 and 
phospho-STAT3 for the 
experiment described in 
(G) (n = 4; means + SEM; 
**P < 0.01, ***P < 0.001; 
one-way ANOVA with 
Bonferroni's post-test). 
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SN segments ex vivo showed a clear reduction 
in puromycin incorporation in mTOR 3’/UTR- 
null axons (Fig. 4, E and F, and fig. S9, A to D). 
SN injury in mutant mice led to reductions in 
L4 DRG proprioceptive neuron numbers 7 days 
later, to a similar degree as we previously ob- 
served for torin-1 injection concomitant with 
injury (Fig. 41 and fig. S9E). We tested whether 
the observed effects were indeed due to the loss 
of mTOR up-regulation in injured axons by in- 
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jecting recombinant mTOR protein into the 
nerve concomitantly with injury. Exogenously 
supplied mTOR protein restored both local 
axonal translation (Fig. 4, G and H) and neu- 
ronal survival (Fig. 41 and fig. S9E) in the mu- 
tant mice. Thus, removal of the mTOR 3’/UTR 
reduces axonal localization of mTOR mRNA 
and attenuates local elevation of mTOR protein 
in injured axons. Subcellular reduction in axonal 
mTOR affects overall local protein synthesis in 
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injured axons and reduces the survival of le- 
sioned neurons. 

Maintenance of a latent and silent axonal pool 
of mTOR in mRNA form enables rapid and local 
up-regulation of protein synthesis upon need. The 
linkage of mTOR mRNA transport to nucleolin 
likely explains nucleolin regulation of subcellular 
protein synthesis in cell size regulation (22). Reg- 
ulation of mTOR pathways through mRNA local- 


ization may have impacts on many aspects of 
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Fig. 4. Effects of mTOR 
3'UTR deletion. (A) Repre- 
sentative, exposure-matched 
confocal images of FISH 
(Stellaris) for mTOR mRNA 
and neurofilament (NF) 
immunostaining from SN 
sections of wild-type and 
mTOR 3‘’UTR” mice. Upper 
panels show single optical 
planes for merged NFH and 
mTOR channels. Lower 
panels show single optical 
planes of mTOR mRNA pix- 
els that overlap with NFH 
and were projected to a 
separate channel as “axon 
only” mTOR signals. Scale 
bar, 10 um. (B) Quantification 
of (A) reveals a ~50% reduc- 
tion in axonal mTOR in the 
3'UTR” mice (n = 4; means 
+ SEM; **P < 0.01; unpaired 
t test). WT, wild type. 

(C) SN segments from the 
indicated genotypes 4 hours E 
ex vivo, sectioned and stained 
for NFH (green) and mTOR 
(magenta). Scale bars, 

5 um. (D) Quantification 

of (C) (n = 3; means + SEM; 
*P < 0.05; one-way ANOVA 
with Bonferroni's post-test). 
E) SN segments from the 
indicated genotypes 2 hours 
ex vivo with anisomycin 
200 ug/ml) or vehicle, 
followed by 1 hour with 
puromycin (100 pg/ml), 
then sectioned and stained 
as indicated. Scale bars, 

5 um. (F) Quantification of 
E) (n = 3; means + SEM; | 
**P < 0.01; one-way ANOVA 
with Bonferroni's post-test). 
G) SN segments from wild- 
type and mTOR 3'UTR”— 
mice not injected, injected 
with vehicle, or injected with 
350 ng of mTOR protein 
were incubated in DMEM 

2 hours ex vivo, followed 

by 1 hour of puromycin 
(100 pg/ml) treatment. A 
representative pseudoblot 
of puromycinylated proteins in 
SN axoplasm analyzed by 
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capillary immunoelectrophoresis is shown. (H) Quantification of (G) (n = 4; means + SEM; *P < 0.05; one-way ANOVA with Bonferroni's post-test). (I) SNs from 


wild-type and mTOR 3'UTR”~ mice were injected with either vehicle or 350 ng of mTOR protein concomitantly with crush injury. L4 DRGs connected to the 


injured SN were harvested 7 days after injury, serially sectioned at 20-um intervals, and stained for the proprioceptive marker NFH. Naive L4 DRG were also processed 


as a reference. Shown are the number of NFH-positive neurons per DRG (n = 4; means + SEM; 


neuronal physiology apart from injury, because 
localized changes in mTOR activity affect diverse 
processes, including viral latency (28), autoph- 
agy (29), and synaptic plasticity (30). Intracellu- 
lar localization of mTOR at the protein level is 
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well established in non-neuronal cells (37-33). 
mTOR localization at the RNA level provides an 
additional mode of spatiotemporal regulation of 
its pathways, with potentially broad physiolog- 
ical implications. 


23 March 2018 


*P < 0.05, **P < 0.01; one-way ANOVA with Tukey's post-test). 
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is trying to achieve this through its 
newly established, English-based 
aster's course focusing on health and exercise sciences, and sport manage- 
ment, scheduled to start in September 2018. Yanai says that Waseda is not 
only looking for highly motivated students for the program, but is also recruit- 
ing international staff to teach and conduct research for the program. 
“Most of the faculty members of this unit studied abroad for their doctor- 
ates,’ adds Yanai. “We want to use their experience to play a greater global role 
in sport sciences, and investigate ways to help solve various health-related 
issues that affect people of all ages” 


 Toshimasa 
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Health Promotion: The Joy of Sports and Exercise Unit 
www.waseda,jp/inst/sgu/en/unit/health-promotion 


But why is Waseda University leading such activities? “Waseda was 
founded in 1882 by Shigenobu Okuma, a Japanese politician and former 
prime minister,” explains Kazuo Kuroda, deputy faculty of the unit. 
“Good citizenship and making contributions to peace and prosperity in 
Asia were central to his vision for the university. Through this unit, we are 
implementing our tradition of promoting peace and harmony in 21st- 
century East Asia.” 

The unit offers courses taught by experts with backgrounds including 
history, economic development, media studies, and international 
law. Because attaining reconciliation in East Asia is a challenging and 
multifaceted task requiring intricate management skills as well as genuine 
support and understanding from participating institutes overseas, Umemori 
and Kuroda have established partnerships with institutes including Korea 
University, Nanyang Technological University, National Taiwan University, 
Peking University, the Harvard-Yenching Institute, and the Université libre de 
Bruxelles. 

“There is increasing, genuine interest in this area of research,” says Kuroda. 
“We will undertake the development of individuals contributing to resolve 
various problems facing the world today, [who are] rooted in the university's 
long-standing tradition and experience.” 


Global Asia Studies Unit 
www.waseda,jp/inst/sgu/en/unit/global-asia-studies 
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The annual Eppendorf & Science Prize for Neurobiology 
is an international award which honors young scientists 
for their outstanding contributions to neurobiological 


research based on methods of molecular and cell biology. 


The winner and finalists are selected by a committee 
of independent scientists, chaired by Science’s Senior 
Editor, Dr. Peter Stern. To be eligible, you must be 

35 years of age or younger. 


eppendorf Science 


As the Grand Prize Winner, you could be next to receive 


> Prize money of US$25,000 

> Publication of your work in Science 

> Full support to attend the Prize Ceremony held in 
conjunction with the Annual Meeting of the Society 
for Neuroscience in the USA 

> 10-year AAAS membership and online subscription 
to Science 

> Complimentary products worth US$1,000 
from Eppendorf 

> An invitation to visit Eppendorf in Hamburg, Germany 
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Forensic DNA Grade 
Products 

Human DNA contamination 
is one of the main concerns 
in forensic DNA analysis. 
Eppendorf Forensic DNA 
Grade products comply 
with the stringent require- 
ments of the recently 
released ISO 18385, which 
specifies manufacturing requirements for products used in forensic 
DNA laboratories, to further minimize contamination risks. Eppen- 
dorf confirms compliance for every production lot and provides 
lot-specific certificates. Highly automated production lines and strict 
access controls are only two production conditions for Eppendorf 
Forensic DNA Grade consumables. Individually blistered packaging or 
mini-batches in resealable bags effectively protect against contami- 
nation and ensure error-free handling. The comprehensive approach 
of this product line assures excellent purity and performance levels. 
Forensic DNA Grade products from Eppendorf encompass DNA ex- 
traction, sample processing, and PCR setup as well as sample storage. 
Eppendorf 

For info: 800-645-3050 

www.eppendorf.com/us-en 


Flow Cytometer 

The BD Accuri C6 Plus personal flow cytometer is a powerful 
benchtop tool for a variety of research applications from cancer 
biology to water testing, and from CRISPR/Cas to cell counting. BD 
Accuri products have been widely recognized with more than 7,500 
citations. This easy-to-use, lightweight cell analyzer will help you 
advance your research quickly while staying within your budget. 

Its compact footprint and transportable weight make it a valuable 
tool for both novice and experienced researchers who want a 
cytometer that is readily available when and where they need it. The 
system features an intuitive software interface, software templates, 
and reagent kits that guide users new to flow cytometry through 
workflows for popular applications. 

BD Biosciences 

For info: 877-232-8995 
www.bdbiosciences.com/us/instruments/s/accuric6 


Entry-Level Flow Chemistry Systems 

Available in a choice of configurations, the Uniqsis FlowLab range 

is an affordable flow chemistry system ideal for use in research, 
education, and for those wishing to try flow chemistry without the 
associated costs of a fully automatic system. The FlowLab system 
comprises two high-pressure pumps, a HotCoil coil reactor station, 
and the FlowLab system control computer. It can be controlled 
remotely by Wi-Fi, allowing the control computer to be conveniently 
operated outside the fume hood. FlowLab Cold includes the Polar 
Bear Plus Flow cryogenic module, which provides cooling down to 
-40°C without the need for liquid nitrogen or solid carbon dioxide 
(dry ice). FlowLab application software is highly intuitive and provides 
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real-time control of the system. Programs can be designed and saved 
reactions run automatically, including priming and washing. FlowLab 
also automatically detects any modules that have been added to the 
system. 

Uniqsis 

For info: +44-(0)-845-864-7747 
www.uniqsis.com/paproductsdetail.aspx?id=flowlab 


Synthetic sgRNA 

CRISPR application requires two key functional elements: target- 
specific guide RNA (gRNA) and the CAS9 enzyme. Scientists have 
created gRNA using multiple methods, such as transfection of gRNA- 
expression plasmids, in vitro transcription, or the annealing of short 
CRISPR RNA (crRNA) oligos with a transactivating crRNA (tracrRNA) 
scaffold. Recently, synthetic single-guide RNA (sgRNA) has been 
recognized as the preferred way for highly efficient and accurate 
editing. Origene’s synthetic sgRNA is a pure 100-mer RNA oligo that 
contains the target gRNA sequence and the tracrRNA scaffold in a 
single entity. Our 100-mer sgRNA saves time by using a one-step 
protocol. It is more efficient (60%-80%) and consistent than in vitro- 
transcribed gRNAs, and is also cost-effective, being highly scalable 
for large numbers of experiments. 

Origene 

For info: 888-267-4436 

www.origene.com/crispr-cas9/sgrna 


Parallel Synthesizer 

The DrySyn Octo 8-position parallel synthesizer is a convenient, 
entry-level product for chemists wishing to conduct synthetic 
reactions under an inert atmosphere with temperature control, 
reflux, and powerful magnetic stirring. It accommodates low-cost, 
consumable reaction tubes, each with a working volume of 5 mL-6 
mL. The large surface area of these glass reaction tubes allows the 
DrySyn Octo to be used for air-cooled, gentle reflux reactions. Up 
to three units can be employed together on any standard magnetic 
hotplate stirrer, using a DrySyn MULTI baseplate. In this Octo-Plus 
configuration, users can perform 24 parallel reactions in a very 
small space. Gas-tight closure on each tube connection enables 
the instrument to carry out reactions under inert atmospheres. 
Additions or reaction sampling can be made under inert conditions 
using a syringe. The unit uses inexpensive stoppers that are easily 
replaceable and consumable. 

Asynt 

For info: +44-(0)-1638-781-709 
www.asynt.com/product/drysyn-octo-reaction-station 
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free gels from Bio-Rad provide visual confirmation of protein purity 
and yield in minutes instead of hours, by combining the speed of 
stain-free gel chemistry with the high throughput of multidimen- 
sional chromatography on our NGC chromatography system. Re- 
searchers can use Stain-free gels to quickly assess protein purity and 
molecular weight in as little as 25 minutes, identify which fractions to 
pool, and optimize chromatography runs. 

Bio-Rad 
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www.bio-rad.com 
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cancer research 


| (ae 
Cancer genomics 
and immunotherapy: 


Clinical progress in cancer immunotherapy is driving career, 
collaboration, and leadership opportunities. Along with that 
progress comes a need for people with many different skills. 
Academic institutions, research hospitals, and life science 
companies large and small are seeking scientists who are flu- 
ent, or at least conversant, in fields such as genetics, oncology, 
immunology—and especially informatics. By Chris Tachibana 


ye-catching cancer immunotherapy headlines arrived 

in 2017 with nearly every season. In the spring, the 

U.S. Food and Drug Administration approved an anti- 

body that is the first cancer therapy based on a tumor 
genetic biomarker instead of a location in the body. Summer 
and fall brought approval of chimeric antigen receptor (CAR) 
T-cell therapies for forms of leukemia and lymphoma. These 
attention-getting stories about cancer immunotherapy under- 
line the vast career opportunities in academic, clinical, and 
industry research for those entering this field. 

We're at a scientific crossroads, says physician-scientist 
Timothy Chan, director of the Immunogenomics and Preci- 
sion Oncology Platform at Memorial Sloan Kettering Can- 
cer Center in New York City. “Only a few years ago, cancer 
genomics and immunology were separate fields,” he says. 
“That's changed with evidence that immunotherapy can work, 
and with the realization that cancer genomes and mutations 
influence how well it works.” The result is the reinvigorated, 
integrated field of precision immuno-oncology. “It’s one of 
the most fast-paced, active areas in cancer research,” Chan 


Upcoming features 
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says, “because it’s at the intersection of fields, where break- 
throughs happen.” 

Immuno-oncology is data-driven, creating a high demand 
for informaticians, says Professor Zemin Zhang, a principal 
investigator at the Beijing Advanced Innovation Center for Ge- 
nomics, College of Life Sciences, Peking University. Since they 
often have many collaborators from diverse fields, Zhang says, 
“Bioinformaticians are in the best position to connect fields for 
truly novel findings.” 


Current landscape and new directions 

Recent immunotherapy approvals are in two areas. Immune 
checkpoint blockade therapies use antibodies to counter the 
defensive tactics of tumor cells. CART cells target and kill 
cancer cells via bioengineered T-cell receptors. Much current 
research in immuno-oncology focuses on improving these 
treatments, for example, by finding new immunotherapy 
targets and identifying biomarkers that predict a patient's 
response. 

We have a lot to learn about improving therapeutic ef- 
fectiveness, Chan says: “Immunotherapy isn’t magic. It’s just 
another family of cancer therapies with rules that are still rela- 
tively undefined.” In addition, since combination therapy that 
includes multiple immunotherapies and traditional chemo- 
therapy and radiation looks clinically promising, researchers 
are working to develop new immunotherapy options based on 
completely novel strategies. 

Chan's laboratory uses genomic analyses to identify neoan- 
tigens—novel peptides found only in tumors that arise from 
mutations accumulated by cancerous cells. According to 
Chan, neoantigens have two advantages: First, they look very 
foreign to the immune system and second, they don’t appear 
in normal cells. The foreignness of neoantigens means thera- 
pies based on them could induce strong, specific antitumor 
responses. These responses should target only tumors and 
not normal tissues, resulting in low toxicity. Another focus in 
Chan's group is personalized vaccines that are based on neo- 
antigens identified by sequencing a patient's tumor. cont.> 
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Are you looking for freedom to take your research in new directions? 
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Our $25m Grand Challenge is an ambitious international award aiming to solve cancer's 
toughest questions. We're looking for big, innovative ideas from multidisciplinary teams across 
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from you. The next round will open in spring 2019. 


Our $6.25m Catalyst Award brings together surveillance, early diagnosis, prevention, and 
clinical researchers on big-impact population research projects. Pls and co-investigators can 
apply from anywhere in the world. Expressions of interest re-open in August 2018. 


In early detection research we're inviting researchers not currently working in cancer to apply 
your expertise to open up new frontiers in how early cancers and precancerous states are 
detected. The Fulbright Cancer Research UK Scholar Awards allow US researchers to pursue 
early detection cancer research in the UK. 
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“Targeted vaccines have a lot of promise,” 
Chan says, “and could be used in combina- 
tion with immune checkpoint inhibitors.” 

More precise application of immuno- 
therapies and the development of new 
approaches requires knowing the detailed 
immune landscape of individual patients 
and tumors. Zhang's group is moving 
beyond bulk sequencing of tumor samples 
and is now conducting genomics on single 
cells. Tumor tissue is a diverse mix of cell 
types and states, so Zhang and others are 
characterizing the individual genomes, 
expression patterns, and mutational status 
of thousands of cells from a single tumor. By 
comparing the results to cells from paired 
normal tissue, researchers get a detailed 
molecular picture of the tumor environment, 
including the types and activity levels of T 
cells that are critical to the immunotherapy 
response. “Single-cell analysis is helping us 
find new genomic patterns and biomarkers 
that tell us the functional status of T cells 
associated with tumors,” Zhang says. “This 
type of analysis is one of the most exciting 
developments in biomedicine. It will drive the 
study of cancer immunotherapy in the future.” 

Zhang's work aligns with what Liselotte 
Brix hears from cancer genomicists about 
leading-edge research in the field. Brix is chief scientific of- 
ficer and cofounder of Immudex, a small company headquar- 
tered in Denmark that supplies reagents and tools for disease- 
specific T-cell research and diagnostics. "Researchers are 
using newer technologies to look directly into tumors,” she 
says, "to make sure immunotherapies induce a response that 
works in the tumor.” She says demand is high for biomarkers 
backed by clinical evidence, to determine which patients will 
likely respond to therapeutics and also to monitor treatment 
progress. To make their work more efficient, scientists are 
interested in developing multiplexed assays and clinical tests 
that provide information on several factors at once, such as T- 
cell type, specificity, and activation level. “The idea,” she says, 
“is taking biomarkers from being merely tools for research to 
becoming a way to make immunotherapy more personalized.” 

Cancer genomics overall is becoming more translational, 
and is moving toward “bringing results to patients,” says Jean 
Claude Zenklusen. He directs The Cancer Genome Atlas 
(TCGA), an initiative of the U.S. National Cancer Institute (NCI) 
and the U.S. National Human Genome Research Institute. For 
example, TCGA, with genomic data on 33 tumor types taken 
from samples from 11,000 patients, is finishing 2018 by pub- 
lishing a series of papers and holding a symposium. Future 
resources from the NCI Center for Cancer Genomics (CCG), 
which oversees TCGA and other activities, will support more 
translationally focused research, including databases with 
genomic information on clinical samples linked to outcomes 
of their patient donors. CCG is also developing cell lines that 
are cultured to represent tumor behavior in vivo, and compu- 
tational methods that will help researchers understand tumor 
behavior and apply the resulting data to diagnoses, treat- 
ments, and cures. 
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TCGA data, which has been the founda- 
tion of many immuno-oncology hypotheses 
and discoveries, will still be available for 
research. “TCGA is a valid model for a ge- 
nomics resource,” Zenklusen says, “but by 
no means juices the whole fruit.” CCG will 
be ‘squeezing’ more clinically meaningful 
information out of cancer genomics, to un- 
derstand at the molecular level how genes 
and mutations drive cancer and determine 
response to treatment. CCG will also con- 


«5 Cancer Genome Consortium, Zenklusen 
a says. Even small projects with other coun- 
tries contribute important information on 
how genetic backgrounds and cultural fac- 
tors such as diet affect cancer development, 
he adds. Global cancer genomics research 
also helps us understand geographical 
hotspots for certain tumor types. 


Developing skills and finding a niche 

Early career scientists have opportuni- 
ties in basic and clinical research and in 
both small and large industries, Zenklusen 
says. Researchers who want to participate 
in large-scale projects like CCG initiatives 
should look at government and academic 
laboratories. To use genomics resources to 
benefit patients, consider research hospitals that do clinical 
trials, he advises; to turn discoveries into diagnostic tools and 
medicines, look for opportunities in the life science industry. 

Catherine Sabatos-Peyton endorses an industry career 
for the rewards of seeing scientific discoveries translate into 
clinical practice. She studied T cells, including the role of a 
checkpoint inhibitor, for her Ph.D. and postdoctoral projects 
and at a startup company that was acquired by Novartis. She 
is now a director in Exploratory Immuno-Oncology at the 
Novartis Institutes for BioMedical Research (NIBR), where she 
relies on her basic research background. Her team works on 
new immune-modulating therapies. Their approach is to make 
a detailed exploration of tumors. “We're interrogating the tu- 
mor microenvironment,” she says, “by looking at suppressive 
cues as well as cells and secreted proteins that protect tumors 
from the immune response.” 

NIBR is similar to an academic setting, Sabatos-Peyton says, 
because scientists do in-depth, foundational research on a 
topic, for example the validity of a potential therapeutic tar- 
get. But sometimes, they also have the privilege of seeing a 
therapy they worked on go to clinical trials or even to patients. 

When hiring, Sabatos-Peyton looks for scientists with 
deep knowledge in their field and an ability to apply 
that knowledge to translational research. Novartis uses 
a collaborative model with teams of people from many 
disciplines—including genetics, immunology, informatics, and 
chemistry—so Sabatos-Peyton recommends preparing for an 
industry career by “learning good basic research and scientific 
interrogation skills.” Early career scientists can get industry 
experience through the NIBR postdoctoral program. The goals 
are the same as an academic postdoc, she explains: “To publish 
and establish an independent body of work.” NIBR_ cont.> 
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seeking 
Innovators 


AbbVie is looking for talented and highly 
motivated scientists to join our growing Oncology 
Research and Discovery organization in both 
Illinois and California. 
Opportunities are available in: 

+ Exploratory and in vitro biology 


+ In vivo biology 
* Preclinical and clinical translational science 


Visit careers.abbvie.com. 
Search keyword “Oncology” to learn more. 


People. Passion. 
Possibilities.” 


aQbbvie 


Institute of Molecular Medicine 


MASSE 


CANCER CEN ER 


SENIOR POSITION IN HUMAN AND MOLECULAR GENETICS (HMG), VIRGINIA COMMONWEALTH UNIVERSITY 
(VCU), VCU INSTITUTE OF MOLECULAR MEDICINE (VIMM) AND VCU MASSEY CANCER CENTER (MCC) 


Under the leadership of Dr. Paul B. Fisher the Department of Human and Molecular Genetics (HMG) in the School of Medicine (SOM) at Virginia Commonwealth 
University (VCU), and the VCU Institute of Molecular Medicine (VIMM), in collaboration with the VCU Massey Cancer Center (MCC) in Richmond, Virginia 
seeks to recruit seasoned investigators doing cutting edge science on the mechanistic understanding of cancer development and progression, tumor latency and 
invasion, using immunotherapy, epigenetic, cell signaling, small molecule inhibitors, or other approaches. Research that employs current genomic discoveries 
in medicine, and which has translational potential to improve diagnosis and develop cancer therapeutics, is a high priority of this institutional initiative. 


The ideal candidates will be experienced investigators who have demonstrated consistent research excellence, with a sustained track record of research funding, 
high-level publications and administrative experience (important but optional). We are particularly interested in candidates that have managed multifaceted, 
interactive research programs using hypothesis-based, innovative approaches to address important health-related areas. Applicants with a sustained record of 
NIH funding will be given the highest priority. Applicants must have demonstrated experience working in and fostering a diverse faculty, staff, and student 
environment or commitment to do so as a faculty member at VCU. The appropriate candidates will be recruited at the level of Associate/Full Professor with 
qualifications commensurate with tenure. These individuals will play a major role in VCU SOM and the appropriate candidate could hold a senior administrative 
position in HMG and serve as the Associate Scientific Director of the VIMM. Additionally, the appropriate recruit could serve as a Co-Program leader or 
Associate Director in the MCC, a National Cancer Institute-designated cancer center. 

HMG, VIMM, MCC, VCU SOM and VCU provide an interactive and collaborative research and educational environment that facilitates the training of the 
next generation of research scientists, clinicians and academicians, and provides a direct conduit for the effective translation of genetic information from 
bench-to-bedside. Outstanding state-of-the-art core research facilities with a generous start-up and support package are available for the qualified candidate. 


Richmond, VA provides ideal urban or suburban living, and an excellent cultural environment with affordable housing, outstanding school systems and ready 
access to other metropolitan areas (including Washington DC, Baltimore, Philadelphia and New York). Moreover, the City of Richmond and surrounding areas 
offer a diverse and rich cultural heritage that engenders a high quality of living for its residents. 

Interested candidates must apply online at http://www.vcujobs.com by providing a letter of interest, a curriculum vitae, an outline of research interests and 
future research directions, and contact information for three references. Please direct inquiries to Dr. Joyce Lloyd, Chair of the Search Committee (Joyce. 
Lloyd@vcuhealth.org) or 804-628-2182. Review of Applications will begin immediately and will continue until the positions are filled. 


Virginia Commonwealth University is an Equal Opportunity, Affirmative Action University providing access to education and employment without regard to 
age, race, color, national origin, gender, religion, sexual orientation, veteran 8 status, political affiliation or disability. 
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FOCUS ON CAREERS 


cancer research 


postdocs either continue in industry or return to academia, 
she says. For established immuno-oncology researchers, 
academic-industry partnerships are an opportunity to move 
findings closer to clinical applications. 

Sabatos-Peyton says immuno-oncology will offer career 
opportunities for years to come. "The clinical success is 
exciting,” she says, “but still limited. We have so much more 
biology to understand when it comes to immunotherapy and 
patient response at a molecular level.” 

For all scientists, Zenklusen recommends getting solid, 
basic science training. Don't specialize too early, he cautions, 
because science is constantly changing thanks to emerging 
new technologies, discoveries, and even research fields. 
Adaptability is a strength, as Zenklusen’s own career shows. 
He trained as a chemist, but says, “Whatever techniques | 
learned 20 years ago are prehistoric.” The most important 
factor in education is a reliable scientific foundation that can 
be applied to any field, he says: “Generalists can move from 
one area to another.” 

Zenklusen was not the only expert to promote flexibility 
through moving between different fields. Zhang says 
multifunctional team members who can take samples from 
wet-lab assays to dry-lab data analysis are increasingly valued 
for their varied skill sets. “The next wave of researchers,” 
he says, “is versed in two languages, biological and 
computational.” Zenklusen agrees. “You don't have to be an 
expert in every facet of cancer genomics,” he says, “but you 
need to be conversant.” 

Scientists in small companies need to be exceptionally 
versatile, Brix says. Immudex researchers must understand 
not only the scientific details about the products they are 
developing, but also the process of bringing those products 
to market, including manufacturing, marketing, and costs. 
“Industry needs creative scientists who can overcome 
challenges throughout the development process,” she says. 

At asmall company, people wear many hats, Brix notes: 
“One moment I'm talking with scientists about new research 
and the next, I’m working on marketing, sales, or regulatory 
issues.” Scientists at big companies don’t usually worry 
about these issues because specialists or entire departments 
handle these matters. However, Brix says, “At a small 
company, you have more direct influence on the products 
that reach the market’—although you also might have to take 
out the garbage, she jokes. 


ADVERTISING FEATURE: Produced by the Science/AAAS Custom Publishing Office 


Featured participants 


Novartis Institutes for BioMedical 
Research 
www.novartis.com/our-science/ 
novartis-institutes-biomedical- 
research 


Center for Cancer Genomics 
www.cancer.gov/about-nci/ 
organization/ccg 


Immudex 

www.immudex.com 
Peking University 
english.pku.edu.cn 


Immunogenomics and Precision 
Oncology Platform, Memorial 
Sloan Kettering Cancer Center 
www.mskcc.org/research- 
areas/programs-centers/ 
immunogenomics-and-precision- 
oncology-platform 


The Cancer Genome Atlas 
cancergenome.nih.gov 


U.S. National Cancer Institute 
www.cancer.gova 


For young scientists interested in industry, Brix suggests a 
student internship or part-time job at a small company. “It’s a 
good way to find out if you're comfortable with the constantly 
changing environment,” she says. If you want to run your 
own company, she says, “Just start. You need money and 
protection for your idea and a business development plan. If 
you need to, find a partner who can help with those areas.” 


Preparing for the future: Embrace 
new technologies and data 

Regardless of career path, one thing is certain: New 
technologies will continue to bring more and different types 
of data to cancer genomics and immunotherapy. “Being 
able to deal with a lot of data is critical,” Chan emphasizes. 
Students and postdocs should use their training time to 
get wide-ranging experience with large-scale data. “In 
translational work,” he says, “the more tools and experiences 
you can add during training, the better.” Get familiar with 
data-analysis methods, he advises, and with best practices 
such as how to normalize data properly. Scientists who are 
no longer trainees can learn genomic analyses on the job by 
trying out the tools of the trade, interacting with colleagues 
(e.g., in genomics core facilities), and taking short courses 
and workshops. 

Scientists who anticipate technological advances and think 
about how to apply the data they generate are positioned 
for a career of discoveries, Zhang says. “As an informatics 
person, I’m banking on new technologies coming along that 
will generate tons of data.” Being able to quickly process and 
add new data to existing information positions a scientist 
to see patterns, similarities, and differences in a way that 
advances the field. “Our best projects combine data from 
different technologies,” he says. 

Zhang has noticed a keen interest in people with dual 
experience in biology and informatics. He often gets calls 
from recruiters looking for bioinformaticians. “They call 
from everywhere,” he says, “big pharma, small startups, 
clinical labs, and research teams. Researchers with biology 
and computational expertise are in high demand, and ina 
position to take leadership roles,” he says. “If you go for an 
informatics career, you have a bright future ahead of you.” 


Chris Tachibana is a science writer based in Seattle, USA, and 
Copenhagen, Denmark. 
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SAO PAULO 


Brazil 


OPPORTUNITIES 


The Sao Paulo Research Foundation (FAPESP), one of the leading 
Brazilian agencies dedicated to the support of research, has 
ongoing programs and support mechanisms to bring researchers 
from abroad to excellence centers in Sdo Paulo. 


YOUNG INVESTIGATOR AWARDS 
www.fapesp.br/yia 
POSTDOC 
www.fapesp.br/en/postdoc 


Sl FAPESP 


SAO PAULO 
RESEARCH FOUNDATION 


WWW.FAPESP.BR/EN 
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mS Penn 


_Y Dental Medicine 


FACULTY POSITION 
UNIVERSITY OF PENNSYLVANIA 


The Microbiology Department in the School of Dental Medicine is 
seeking an outstanding scientist for a tenure-track/tenured position at 
the Assistant, Associate or Professor level. The position is for basic 
and translational work in Head and Neck Cancers. Research areas of 
interest include virology, immunology and tumorigenic mechanisms. 
The appointment requires a strong record of research productivity, 
extramural funding and excellence in teaching. The candidate is 
expected to teach modern aspects of cancer biology and immunology 
to dental students, establish a vigorous research program that will 
enhance interactions with world-renowned cancer research faculty at 
UPENN and be involved in graduate student training. 


The candidate must be a PhD., DMD or MD. Applicants should apply 
online at: http://facultysearches.provost.upenn.edu/postings/1082 
and include a curriculum vitae with publications and a statement of 
research interests. 


The University of Pennsylvania is an Affirmative Action/Equal 
Opportunity Employer. All qualified applicants will receive 
consideration for employment and will not be discriminated against 
on the basis of race, color, religion, sex, sexual orientation, gender 
identity, creed, national or ethnic origin, citizenship status, age, 
disability, veteran status, or any other characteristic protected 
by law. Minorities/Women/Individuals with disabilities/Protected 
Veterans are encouraged to apply 


POSITIONS OPEN 


Director Position 


Institute of Molecular Biology 
Academia Sinica, Taiwan 


Academia Sinica, Taiwan, invites applications and nominations for the 
position of Director of Institute of Molecular Biology (IMB). The initial 
appointment is for a period of three years (renewable for a second term), 
and will also carry the title of Research Fellow. 


As the pre-eminent academic institution in Taiwan, Academia Sinica is 
devoted to basic and applied research in mathematics and physical sciences, 
life sciences, and humanities and social sciences. IMB, consisting of 36 
laboratories, engages in research leading to the better understanding of 
biological processes at the molecular and cellular level. Current efforts 
focus on the study of protein complexes, gene expression and transmission, 
signal transduction and organismic development, with special interests in the 
problems of neuroscience, chromosome organization, immunology and plant 
biology. IMB is well funded and equipped with modern research facilities. 
It maintains a high research standard with an excellent publication record. 
For details about Academia Sinica and IMB, please consult the website: 
http://www.sinica.edu.tw 


Interested candidates should have a PhD or equivalent degree, with 
outstanding research accomplishments and demonstrated leadership 
experience. Besides conducting a vigorous research program, the successful 
candidate is expected to build on the existing strengths of the institution, 
develop new research thrusts, promote basic biological sciences and provide 
intellectual leadership in relevant basic and applied life sciences in Taiwan. 


Applications and nominations, including complete curriculum vitae, a 
publication list, and three letters of recommendation, should be submitted 
to Director Search Committee, Institute of Molecular Biology, Academia 
Sinica, 128 Academia Road, Section 2, Nankang, Taipei 115, Taiwan 
or by Email to: mwang@gate.sinica.edu.tw. Screening of applications/ 
nominations will begin immediately, and will continue until the position 
is filled. 


POSITIONS OPEN 


Gh CoLuMBIA UNIVERSITY 


= _s“Vagelos College of Physicians and Surgeons 


Assistant Professor — 
Research Scholar 


The Vagelos College of Physicians and Surgeons 
is seeking one or more outstanding scientists in 
the Biomedical Sciences for appointment at the 
inaugural College of Physicians and Surgeons 
Research Scholar. These assistant professor 
positions are limited to MD, PhD, or MD-PhD 
researchers who have, in general, 4 years or 
less of post-doctoral fellowship and who have 
demonstrated exceptional ability, creativity 
and productivity as reflected in first or senior 
authored publications in leading scientific journals. 
Applicants who do not meet these criteria should 
not apply. 


There is no limitation regarding the field of 
research. Appropriate departmental affiliation 
will be decided after selection. Adequate start-up mE 

funds, space, and mentorship will be provided. = mE 
Priority will be given to applicants outside iy 
Columbia University. 


Applicants should provide 3 names of references 
and a proposed plan for their work over the next 
five years with the application. 


To apply please visit: 
https://academicjobs.columbia.edu/ 
applicants/Central?quickFind=66057 or 
search by requisition number 0008603. 


Columbia University is an Equal Opportunity/Affirmative 
Action employer Race/Gender/ Disability/Veteran. 


Advance your career 
with expert advice from 
Science Careers. 


Download Free Career Advice Booklets! 
ScienceCareers.org/booklets 
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FROM THE JOURNAL SCIENCE PAYAAAS 


outheast University (SEU) 
is one of the nationalkey 
universities administered 
directly under the Central 
Government and the Ministry 
of Education of China. It is also one 
of the universities of Project 211 
and Program 985 that is financed 
by the Central Government to build 
as a world-class university, and 
has become a comprehensive and 
research-oriented university featur- 
ing the coordinated development of 
such multi-disciplines as science, 
engineering, medicine, literature, 
law, philosophy, education, 
economics, management, art, etc., 
with engineering as its focus. 
In 2017, Southeast University was 
selected asa Class A first-class 
university building university with 
a total of 11 top-level disciplines 
including: Materials Science and 
Engineering, Electronic Science and 
Engineering, Information Science 
and Engineering, Control Science 
and Engineering , Computer Science 
and Engineering, Architecture, 
Civil Engineering, Transportation 
Engineering, Biological Science and 
Medical Engineering, Landscape 
Architecture, Art Theory, etc., occu- 
pying the 8th place in terms of the 
number. In the fourth round of disci- 
pline evaluation organized by the 
degree and postgraduate education 
development centers of the Ministry 
ofEducation,thereare5A+ 
disciplines, which are Architecture, 
Civil Engineering, Transportation 
Engineering, Biological Science and 
Medical Engineering, Art Theory. 
The number of A + disciplines tied 
the country's 8th place. According 
to the latest published ESI discipline 
rankings, the 11 disciplines of 
Engineering Science, Computer 
Science,Materials Science, Mathe- 
matics, Physics, Chemistry, Clinical 
Medicine, Biology and Biochemis- 
try, Pharmacology & Toxicology, 
Neuroscience and Behavioral 
Science, Social Science rank among 
the first 1% of global ESI database, 
with Engineering Science ranking 
32th and Computer Science ranking 
35th, both of which ranking among 
the first 1%o of global ESI database . 
In USNews2017 engineering 
college rankings of the world, SEU 
ranked 7th in mainland of China, 23 
of the world. 
Southeast University is now facing 
alongand openrecruitment of 
high-level talent and full-time 
teachers at home and abroad, warmly 
welcomes the outstanding talents at 
home and abroad! 


1. Chang Jiang Scholars Program 
for Distinguished Professor 
Requirement: 


aba 


SOUTHEAST UNIVERSITY 


RECRUITING TALENTS AT HOME 
AND ABROAD IN SOUTHEAST UNIVERSITY 


1) Applicants specialized in natural 
sciences, engineering and technical 
should be less than 45 years old, 
applicants specialized in humanities 
and social sciences should be no 
more than 55 years old. 

2) Applicants should be associate 
professor or higher positionin 
high-level university overseas. 

3) Continuous work in school for 5 
years. 

Treatment: 

1) Position: directly hired as a senior 
two posts; 

2) Salary: the term of employment is 
5 years, during which annual salary 
is ¥700,000; 

3) Research funding: the school 
provides ¥200-300 million research 
funding; 

4) Housing: After applying for 
full-time employment, applicants 
who meet the requirements of the 
state and the school may offer a set 
of preferential purchase of qualified 
personnel; 

5) Others: provide sufficient office 
lab space, giving priority to the estab- 
lishment of scientific research team, 
and doctoral or master enrollment 
targets should be policy-oriented. 
Assist in spouses' job and children's 
enrollment. 


2. 1000 Plan Program for Young Talent 
Requirement: 

1)Applicants specialized in natural 
sciences or engineering technology 
should be less than 40 years old. 
2)Applicants should have obtained 
PhD degrees at well-known univer- 
sities at home and abroad, and have 
over 3 years of continuous overseas 
scientific research work experience. 


3) Applicants need to return to work 
full time. 

4) Outstanding overseas doctor of 
excellence can break through the 
working life. 

Treatment: 

Tn addition to the ¥500,000(duty-free) 
and ¥100-300 million research funds 
provided by the nation, the school 
also provides: 

1) Position: directly hired as a senior 
four posts; 

2) Salary: The first employment 
period of 3 years, annual salary of 
¥500,000; 

3) Research funding: for natural sci- 
ences or engineering technology and 
medical, schools provide ¥100-200 
million discipline construction funds; 
Priority is given to supporting the 
declaration of other talents projects 
(the research funding of "High level 
innovation and entrepreneurial talent 
introduction program in Jiangsu" 
for team is ¥300 million, for person 
is ¥50-100 million, the research 
funding of "Jiangsu distinguished 
professor" is ¥50-100 million, the 
project funding of "Jiangsu 333 
program" is ¥3-100 million) 

4) Housing: in line with national and 
school policies, preferential purchase 
of talent special approval room; 

5) Others: Provide sufficient office lab 
space, giving priority to the establish- 
ment of scientific research team, and 
doctoral or master enrollment targets 
should be policy-oriented. Assist in 
spouses' job and children's enrollment. 


3.full-time teachers 

Requirement: 

Applicants should be outstanding 
doctoral or post-doctoral in well-known 


The long-term effective recruitment information 


universities or research institutes 
overseas, and in line with the Southeast 
University job requirements of the aca- 
demic level, with excellent teaching, 
research and social services. 
Treatment: 

The school provides accommoda- 
tion fees, research start-up fees, 
monetization housing subsidies. 


APPLICATION METHOD 


Applicants should log into the 
school webpage and prepare detailed 
CVs, full texts of academic reps 
(more than 5), references and evalua- 
tions of others, future work plans 
and other materials, and send them 
by e-mail to the applicant's college 
e-mail address and copy School 
E-mail (about full-time teachers, 
please send the material directly to 
the colleges). 

Detailed resumes include: educa- 
tional background, work experience, 
part-time academic positions, 
research projects presided over 
or participated in, representative 
achievements, catalogs of important 
works, citations of citations, and 
contact details. Please specify the 
type of candidates in the mail. 


About Chang Jiang Scholars 
Program for Distinguished 
Professor, 1000 Plan Program 
for Young Talent, please 
contact: Southeast University 
Talent Service Office 


Contact: Teacher Liu, Teach- 
er Yin, Teacher Liao 
Tel: + 86-25-83793301, 

+ 86-25-52090253, 

+ 86-25-52090251 
E-mail: rcb@pub.seu.edu.cn 
Fax: + 86-25-83793301 
Website: 
http://rsc.seu.edu.cn/2016/0 
613/c3575a161483/page.htm 


About full-time teachers, 
please contact: 

Personnel Office of 
Southeast University Human 
Resource Department 


Contact: Teacher Wang, 
Teacher Yang, Teacher Li, 
Teacher Sun 

Tel: + 86-25-83792753, 

+ 86-25-52090259, 

+ 86-25-52090260 
Address: Human Resource 
Department, Southeast 
University, 2 Sipailou Rd, 
Nanjing, China, 210096 


more information please pay attention to WeChat public number: gh_762600e12fb4 
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WORKING LIFE 


By Irini Topalidou 


The freedom of choice 


postdoc friend recently called me to discuss his career options. He didn’t want to run his own 
lab, he said. Instead, he wanted to become a research scientist, mainly working at the bench— 
like me. I sensed that his mind was already made up, but he needed validation about pursu- 
ing a path that is not generally thought of as a professional success. Our conversation got me 
thinking about my own decision to become a research scientist—and about other career 
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choices I made that went against the norm. 


When I was a high school student 
in my home country of Greece, 
good students were expected to 
become doctors, and my biology 
teacher insisted that I apply to 
medical school. But the idea of be- 
ing a doctor did not excite me, and I 
pursued “basic” biology instead. In 
this case and the ones to follow, I 
couldn’t guarantee at the time that 
I was making the right decisions. 
But I knew that, because they were 
based on my personal preferences, 
they would be harder to regret. 
Years later, as I was wrapping 
up my Ph.D. after having spent 
countless hours centrifuging yeast, 


principal investigator (PI) super- 
vising other people’s experiments. 
Or was I simply a coward, afraid 
of the unknown? I put off making 
a decision by taking a research 
scientist position in the lab of a 
new PI so that I could see the job 
up close, with all its benefits and 
struggles. My decision again disap- 
pointed my scientific advisers and 
even some of my friends. I was hes- 
itant and anxious about it myself. 
But I was unable to follow advice 
that didn’t resonate with me. 

My experiences over the next 
5 years reinforced my decision not 
to pursue PI positions. I realized 


6 

I couldn’t wait to work with a new T was unable to that I like being the person who not 

model organism. When an older, follow advice that didn’t only thinks of scientific questions, 

successful collaborator told me, ° ” but also performs the experiments. 
resonate with me. 


“The model system doesn’t matter; 
what matters is the scientific ques- 
tion that you want to answer,’ I was ashamed to admit to 
myself that I didn’t feel the same way. Almost any scien- 
tific question can trigger my curiosity, and I didn’t want 
to spend long hours with some experimental model that 
didn’t interest me. 

Around that time, I took a course on model organisms 
and fell in love with the tiny roundworm C. elegans. Their 
simplicity and short life cycle were a good match for my 
impatience: A daily feeling of discovery helps calm my 
existential angst. But the worm wouldn’t take me high 
on the scientific ladder, my colleagues told me. I was ad- 
vised to go to a mouse lab and do more hardcore science. 
I valued the input, but I couldn’t discount my own feel- 
ings. So, somewhat insecure in my decision, I followed my 
intuition and spent the next 8 years happily probing these 
humble creatures. 

As the years went by, I knew that I needed to move on, 
which typically would mean opening my own lab. But I 
found myself doing anything possible to delay this tran- 
sition. My gut feeling was that I wouldn’t be happy as a 


I don’t want to miss the eureka 
moments at the lab bench, even if 
the discovery is as insignificant as a new transgenic worm. 
I need this daily feeling of personal accomplishment that I 
get from being an experimentalist. 

But quite wrongly, research (or staff) scientist positions 
in academia are associated with lack of ambition or scien- 
tific drive. This view needs to change, and more positions 
need to be created for the increasing number of qualified 
scientists who are not interested in opening their own labs 
or who do not secure the few faculty positions available. 
And scientists like me, who are not interested in becoming 
PIs, should be confident in our decisions and advocate for 
the research scientist position to be recognized as a valid 
professional choice. When there is a mismatch between 
what society considers successful and our own definitions 
of success, we need to hold fast to our beliefs and follow our 
own road to personal satisfaction. 


Trini Topalidou is a research scientist in the Department 
of Biochemistry at the University of Washington in Seattle. 
Send your career story to SciCareerEditor @aaas.org. 
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